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t8.  tPONtOAIMO  MILtTARV  ACTtViTV 


'A  program  was  conducted  to  simulate  the  seismic  phenomena  associated  vj th 
mderground  nuclear  eiqploslons  with  detonable  gases.  The  program  was  conducted 
in  two  phases.  The  first  phase,  an  engineering  design  study  (DASA  2316),  presented 
the  system  desi^i  required  to  meet  the  physical  aspects  of  cavity  created  by  the 
SALMON  Event  in  the  Tatum  Salt  Dome,  Hattiesburg,  Mississippi,  an  Atomic  Energy 
Commission  Irstallatlon. 


The  second  phase  consisted  of  a  series  of  three  deton^le  gas  events  to  be 
conducted  in  the  SALMON  cavity.  This  series  of  detonable  gas  events  were  called 
MIRACLE  PLAY  TEST  SERIES.  The  three  events  were  named  respectively:  DIODE  T’JBE, 
HUMID  WATER,  DINAR  COIN. 

This  report  describes  departures  in  the  engineering  design,  procedure,  and 
results  of  DIODE  TUBE  and  HUMID  WATER.  The  third  event,  DINAR  JOIN,  has  been 
cancelled. 
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SUf^tARY 


A  prj,:rani  vas  conducted  to  sinulate  with  detonable  gases  the  seiSRic 
pheaoL-ajr.a  associated  wi  .a  underground  nucicar  explosion:;,  liie  program  was 
conlucted  in  two  piiases.  The  first  phase,  an  engineering  desi^i  stu<iy 
(oAon  presuiited  tne  system  design  required  to  meet  the  physical 

aspects  of  cavity  created  by  the  SALI40S  Event  in  the  Tattja  Salt  Dome, 
Hattiesb’org,  Mississippi,  an  Atomic  Ehergy  Commission  installation. 

Tne  seccxid  phase  consisted  of  a  series  of  three  detaiable  gas  events 
CO  be  conducted  in  the  SAIi'40Ii  cavity.  This  series  of  detonable  gas  events 
were  called  MIRACLE  PLAY  TEST  SERIES,  "nie  three  events  were  named  res¬ 
pectively:  DIODE  TUBE,  HUMID  WATER,  DINAR  COIN. 

This  report  describes  departures  in  the  engineering  design,  procedure, 
and  results  of  DIODE  TUBE  and  HUMID  WATER.  The  third  event,  DI.HAR  COIN, 
has  been  cancelled. 
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SECTIOH  1 


IHTi^DUCTlOH 


The  General  American  Research  Dlyiaion  participated  in  a  series  of 
underground  detonable  gas  explosions  code-named  MIRACLE  PLAY,  a  part  of 
Project  VELA-UNIPORM.  This  planned  series  consists  of  three  experiments 
in  simulating  seismic  phenomena  associated  with  underground  nuclear  explo¬ 
sions.  Two  tests  I  DIODE  TUBE,  HUMID  WATER)  were  performed  in  the  under¬ 
ground  cavity  created  by  the  SALMDH  Event  in  the  Tatum  Salt  Dome  near 
Hattiesbtu^g,  Mississippi.  The  third  test,  DINAR  COIN,  was  cancelled. 

This  cavity  is  aqpproximately  110  feet  in  diameter  with  the  center  about 
2700  feet  below  the  surface.  (See  Appendix  C. ) 

The  planned  erplosive  yields  for  the  three  experiments  were:  DIOIE 
TUBE  -  315  tons,  HUMID  WATER  -  315  tons,  and  DINAR  COIN  -  890  tons.  ITie 
first  two  explosions,  with  similar  yields,  would  serve  as  a  means  of 
evaluating  the  repeatibillty  of  data.  It  was  anticipated  that  large  amounts 
of  water  vapor  would  be  released  b?  the  first  explosion  (DIODE  TUBE)  and 
might  satxxrate  the  cavity  walls.  This  saturation  might  fxfcct  the  cavity’s 
response  characteristics.  If  so,  the  data  from  the  second  experiment 
(HUMID  WATER)  should  quantify  that  change.  Yield  predictions  may  be  found 
in  Appendix  B. 

The  third  experiment  (DINA’'  COIN)  would  provide  valuable 
on  the  effect  of  decoupling,  decoupling  is  defined  by  Latter 
any  method  for  reducing  the  seismic  signal  from  underground  explosions  at 
constant  yield,  particularly  throuj^  the  use  of  a  large  cavity. 

The  first  experiment  (DIODE  TUBE)  took  place  February  2,  1969.  The 
objective  of  DIODE  TUBE  was  to  match  the  equilibrium  pressure  increase 
(over  initial  static  pressure)  of  the  STERLING  Event  which  was  also  con¬ 
ducted  in  the  SALMON  cavity.  The  equivalent  energy  release  for  the  detonable 
gas  explosion  would  therefore  be  nominally  315  tons.  The  observed  peak 
amplitude  of  seismic  data  from  DIODE  TUBE  was  about  one-third  that  observed 
from  STERLING.  A  review  of  these  results  is  included  with  this  report 
as  Appendix  A. 

Later  analysis  of  the  DIODE  TUBE  Event  revealed  that  the  gases  were 
not  completely  mixed.  Those  considerations  evolved  from  an  extensive 
technical  analysis,  details  of  which  are  in  Appendix  F. 

The  basic  engineerirg  design  for  HUMID  WATER/Was  essentially  the  same 
as  DIODE  TUBE  which  has  been  previously  reported. '  The  design  is  des¬ 
criptive  of  the  systems  actually  used  on  HUl-lID  WATER.  Specific  changes  are 


,  information 
to  mean 


*  References  noted  at  the  end  of  this  report. 
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referenced  in  the  body  cf  this  report.  Major  changes  will  be  found  in 
instnimentation  system  because  of  the  discovery  during  DIODE  TUBE  that  the 
cavity  ambient  condations  were  far  more  adverse  than  anticipated.  For 
HUMID  WATER,  a  fully  enclosed,  pressure  tight,  eciti  and  tea5>ereture  resistant 
system  was  designed  for  the  cavity  that  housed  those  elements  necessary  for 
the  cavity  isonltoring,  firing  and  data  acquisition  functions.  Gi^iese  (ihanges 
resulted  frean  an  extensive  series  of  environs«ntal  tests  perfonned  by  CARD. 

HUMID  WATER  incorporated  those  syst«n  and  procedural  changes  inlicated 
by  the  results  from  the  environmental  tests,  gas  mixing  analysis,  end  an 
engineering  analysis  of  the  DIODE  TUBE  Event. 

HUMID  WATER  was  detonated  during  a  sudden  and  intense  electrical  storm 
on  19  April  1970.  Diagnostic  data  were  not  recorded  because  the  recorders 
which  were  programmed  to  start  at  a  fixed  point  of  time  during  the  scheduled 
countdown  had  not  yet  been  initiated  when  ignition  occurred.  The  ignition  #3% 
of  the  detonable  mixture  ahead  of  schedule  has  been  attributed  to  lightning. 

All  instnnnent  circuits  were  functionally  monitored  on  a  continuing  basis 
from  the  time  the  probe  was  inserted  into  the  cavity  until  the  detonation 
occurred.  Wo  anunalies  were  noted.  Background  noise  was  being  monitored 
at  several  seismic  gage  locations  at  the  time  of  ignition  so  that  some  seismic 
data  were  obtained,  confirming  a  full  scale  detonation. 

The  objective  of  this  report  is  to  present  the  results  of  the  two  tests 
with  special  emphasis  on  the  technical  and  design  considerations  of  conducting 
underground  detonable  gas  explosions. 

Section  2  of  this  report  contains  conclusions  and  recommendations. 

Section  3  describes,  in  detail,  changes  to  the  experimental  equipment 
used  for  the  HUMID  WATER  Event;  i.e.,  the  piping  valving  system,  casing  plug 
assembly,  casing  head  assembly,  data  acquisition  system,  firing  system,  time 
reference  system,  valve  controller  system,  and  the  tracer  gas  system. 

Section  U  describes  the  procedures  used  during  the  HUMID  WATER  Event. 
Handling  large  quantities  of  methane  and  oxygen,  more  particularly  at  high 
delivery  rates,  requires  exacting  procedures  and  firm  control.  The  techniques 
were  developed  for  the  PLAY  Series  as  part  of  the  basic  engineering 

design  previously  reported. ' 

Section  5  of  this  report  will  describe  the  results  obtained  from  the 
HUMID  WATER  Event.  These  may  be  compared  to  the  results  from  DIODE  TUBE, 
described  in  Appendix  A. 


2 


SECTIOS  2 


SUMMARY «  COHCLUSIOHS.  AMD  RECCTWEHDATIOHS 


The  purpose  of  the  MIRACLE  PLAY  Series  was  to  determine  e^qaerimentally 
if  it  was  possible  to  simulate  seismic  phenomena  associated  with  nuclear 
ejq>losive8  by  detonable  gates.  Data  generated  by  these  experiments  would 
be  used  to  gain  useful  information  on  the  theory  of  decoupling. 

The  General  American  Research  Div:,sion  (CARD)  participated  in  this 
series  in  cooperation  with  Advanced  Research  Projects  Agency  (AHPA),  Atomic 
Energy  Commission  (AEC),  Defense  Atomic  Support  Agency  (DASA),  Waterways 
Experimental  Station  (WES),  U.  S.  Coast  euid  Geodetic  Survey  (USC  &  GS),  Air 
Force  Technical  Applications  Center  (AFTAC)  Vela  Seismological  Center  (VSC), 
Baviroamental  Research  Center  (ERC),  Isotopes,  Inc.,  and  Physics  International. 

Tasks  for  CARD  were: 

1.  Design,  procurement  and  fabrication  of  a  gas  delivery  system. 

2.  Procurement  and  handling  of  detonable  gases. 

3.  Necessary  site  preparation  and  systems  installation. 

U.  Diagnostic  data  acquisition  and  systems  evaluation. 

3.  Post-shot  examination  and  analysis  of  diagnostic  data. 

2.1  Technical  Summary 

Regarding  the  first  four  tasks,  CARD  designed  and  fabricated  a  Piping 
and  Valving  System,  a  Casing  Plug  Assembly,  a  Casing  Head  Assembly,  a  Data 
Acquisition  System,  a  Firing  System,  and  minor  associated  equipment. 
Additionally,  CARD  developed  procedures  necessary  to  operate  those  systems 
in  a  safe,  precise  manner  affording  necessary  control  over  large  volumes  of 
detonable  gases.  Other  sections  of  this  report  detail  those  systems  (Section  3^ 
and  procedures  (Section  4)  in  their  current  state  of  development. 

The  acccanplishment  of  the  task  is  somewhat  frustrated  by  three  even¬ 
tualities.  First,  the  unfortunate  loss  of  diagnostic  data  in  both  DIODE  TUBE 
and  HUMID  WATER;  second,  the  cancellation  of  the  fined  event  (DINAR  COIN); 
and  lastly,  that  although  planned  at  similar  yields,  DIODE  TUBE  and  HUMID 
WATER  actuedly  detonated  under  such  dissimilar  conditions  as  to  meOte  direct 
comparisons  difficult  in  most  material  respects. 

The  results  of  DIODE  TUBE,  when  analyzed,  revealed  the  need  for  certain 
corrections  before  HUMID  WATER.  The  sources  of  the  problems  were  two- fold. 
First,  the  assumption  before  DIODE  TUBE  was  that  the  cavity,  located  in  a 
salt  dome,  would  be  dry  and  free  from  a  corrosive  atmosphere.  The  highly 
corrosive  atmosphere  actually  found  created  problems  with  the  Firing  and 
Data  Acquisition  Systems.  Re-design  of  those  systems  for  the  HUMID  WATER 
Event  ccanpletely  eliminated  those  problems. 
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The  second  prohlen  source  in  DIODE  TUBE  vms  the  phenosens  of  gas  nixing 
that  requires  the  heavier  gas  to  be  loaded  after  the  lighter  gas.  This 
phenonenon  vas  discovered  as  part  of  an  independent  study  after  DIODE  TUBE.  ^  ' 
reversing  the  order  of  loading  gases  for  HUMID  WATER  (osygen  over  methane) 
the  seismic  signals  vers  nuch  larger. 

2.2  Conclusions 

It  is  established  that  the  current  state-of-the-art  in  conducting  under¬ 
ground  detonsble  gas  explosions  is  veil  developed.  All  the  systems  used  in 
HUMID  WATER  demonstrated  reliability  and  flexibility.  Although  the  Firing 
System  and  the  Data  Acquisition  System  were  never  actually  used  in  the  HUMID 
WATER  Event,  prior  environnental  testing  programs  proved  their  essential 
serviceability.  Further,  in  the  actual  experiment,  periodic  checks  of  those 
circuits  revealed  no  deterioration  in  function  up  to  one  hour  before  detonation. 
It  is  therefore  reasonable  to  assume  that  the  entire  system  would  have  functioned 
entirely  as  planned,  had  the  gases  not  been  detonated  ahead  of  schedule  by  an 
extraneous  source  of  ignition  energy  believed  to  be  a  lightning  strike. 

2.3  Recoamiendations 


The  best  approach  to  the  problem  of  reducing  the  risk  of  a  lightning 
strike  is  selecting  a  site  and  sched^ing  the  event  in  areas  and  periods  of 
low  risk.  A  study  vas  made  by  EGftG,^^'  Albuquerque,  New  Mexico  which  recoomends 
several  Isqprovements  to  the  system  that  would  further  reduce  the  risk. 

The  overall  design  concepts  and  procedures  for  producing  iinderground 
detonable  gas  explosions  are  well  developed,  and  are  recommended  for  futiure 
use  in  similar  applications.  Any  recommendations  from  the  EG&G  study  that 
would  result  in  reducing  the  vulnerability  to  natural  hazards  should  be 
considered  in  future  experiments. 

It  appears  from  the  seismic  results  that  the  behavior  of  surface  waves 
from  decoupled  nuclear  eiploslons  and  from  underground  gas  explosions  are 
not  related  in  a  slnple  manner.  To  obtain  a  matching  of  the  results  the 
following  three  phase  program  is  recommended. 

a)  Obtain  experimental  data  on  the  behavior  of  gas  detonations  in  a 
model  spherical  cavity.  This  may  be  accomplished  using  small 
scale  laboratory  apparatus. 

b)  Using  appropriately  seeded  source  data  obtained  in  the  above 
experiments  and  known  nucleeu*  source  data,  make  a  detailed  analytic 
prediction  for  seismic  results  relating  the  behavior  of  the  surface 
waves  to  known  source  parameters. 

c)  Confirm  the  theory  generated  by  the  analysis  with  a  full  scale 
experiment . 


k 


SECTIOH  3 


EMGISEERIHG  DESIGH 


This  section  discusses  the  design  of  the  various  systems  used  for  the 
HUMID  VPISER  Event,  Differences  between  the  systems  used  on  DIODE  TUBE  and 
HUMID  WATER  are  noted.  Except  as  noted,  ail  design  details  of  Hy^l^D  WATER 
are  identical  to  those  reported  in  the  basic  engineering  design,'”  and 
subsequently  used  in  DIOD'j  TUBE. 

3.1  Piping  and  Valving  System 

The  piping  and  valving  system  was  designed  to  safely  permit  remote 
control  of  the  large  volumes  of  oxygen,  methane,  and  nitrogen  gases  loaded 
into  the  cavity.  The  oxygen  and  nitrogen  was  delivered  to  the  site  as  a 
liquid  in  tanher  trucks.  The  methane  was  supplied  from  a  natural  gas  pipe¬ 
line  located  approximately  three  miles  from  the  test  sitt ,  and  transported 
to  the  site  through  a  six-inch  pipeline  constructed  for  this  purpose. 

The  piping  and  valving  syst&n  design  used  for-  HUMID  WATER  was  the  same 
as  that  used  for  DIODE  TUBE.  A  schenatic  of  the  piping  and  valving  system 
is  shown  in  Figure  E-2.  Changes  in  the  basic  engineering  design  occurred  in 
the  oxygen  delivery  system  and  the  nitrogen  delivery  system.  These  changes 
are  discussed  below.  The  methane  delivery  system  and  the  flare  and  vent 
system  were  the  same  design  for  HUMID  WATER  as  they  were  for  DIODE  TUBE. 
Details  of  these  systems  may  be  found  in  Reference  2. 

3.1.1  Oxygen  Delivery  System 

The  purposes  of  the  oxygen  delivery  system  were  to  deliver  oxygen  rapidly 
and  safely  to  the  cavity,  and  to  insure  adequate  mixing  of  the  gases  in  the 
cavity.  To  insure  complete  mixing  of  the  gases,  it  was  determined  from  the 
fas  mixing  analysis  that  the  flow  of  oxyg«*n  should  be  as  hi^  as  safety 
would  permit.  The  high  velocities  produce  a  turbulent  plume  which  entrain 
the  gases  in  the  cavity.  The  entrainment  increases  with  increasing  inlet 
Jet  velocity. 

An  upper  limit  to  the  inlet  flow  is  dictated  by  the  safety  of  handling 
orqrgen.  Based  on  the  analysis,  and  safety  in  handling,  it  was  elected  to 
load  the  oxygen  after  the  methane  and  at  an  increased  delivery  rate.  The 
AEC  provided  a  guideline  for  maximum  flow  velocities  for  oxygen  of  350  feet 
per  second  (1.26  x  10  ft/hr),  which  corresponded  to  a  flow  rate  of  73^,000 
SCFH  for  the  oxygen  fill  and  440,000  SCFH  for  the  oxygen  purge. 
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The  purpose  of  the  oscygen  purge  vas  to  remove  loose  material  and  bum 
say  conbustlbles  in  the  oxygen  pipeline  prior  to  methane  fill.  Consistent 
vlth  chls  pxirpose*  the  maximum  flov  velocity  set  for  gas  fill  operations 
must  b«  exceeded  to  test  the  delivery  systems  and  the  lines.  A  flow 
delivery  rate  of  600,000  SCF/Hr  was  established  for  3-1/2  minutes  at  the 
end  of  the  purge.  TUs  test  established  that  liU0,000  3CF/Hr  rates  can  be 
plqrslcally  realized  within  delivery  capabilities,  and  that  at  that  rate, 
auto-lgnitlon  is  not  likely  to  occur.  Four  hundred  thousand  SCFH  was  set 
as  the  upper  lisiit  for  gas  fill  operations. 

The  delivery  system  permitting  these  high  flow  rates  was  provided  by 
Union  Carbide  Corporation,  Linde  Division,  under  contract  to  GARD.  This 
system  consisted  of  a  large  steam  boiler,  heat  exchanger,  liquid  gas  tanker 
and  a  liquid  gas  pusq>er  truck.  The  heat  exchanger  was  equipped  with  over¬ 
pressure  safety  device*  This  device  eliminated  the  need  for  the  rupture  disk 
which  was  Incorporated  in  the  oxygen  line  for  DIODE  TUBE  and  removed  for 
HUMID  WATERc  A  schematic  diagram  of  HUMID  WATER  oxygen  delivery  system  is 
shown  in  Figure  1. 

3.1.2  Nitrogen  Delivery  System 

The  purposes  of  the  nitrogen  delivery  system  were  to  provide  an  inert 
gas  to  purge  the  gas  lines  so  that  methane  and  oxygen  would  not  come  in 
direct  contact  with  each  other  before  they  were  mixed  in  the  cavity  and  to 
provide  a  safety  backup  in  the  event  of  a  system  failure  such  as  a  pressure 
leak.  A  slow  nitrogen  purge  would  pemit  repairs  in  relative  safety. 

Another  purpose  of  the  system  was  to  provide  the  high  gas  pressure  necessary 
to  actuate  remote  equipment  below  ground,  near  the  cavity. 

All  purging  nitrogen  used  in  HUMID  WATER  was  delivered  in  transport 
trailers  and  vaporized  through  the  same  system  used  for  the  oxygen. 

The  high  pressure  (1500  psl)  nitrogen  required  to  close  the  shifting 
sleeve  valve,  which  discontinued  gas  comnunication  with  the  cavity,  was 
obtained  by  using  a  high  pressure  nitrogen  pumper  truck  connected  to  the 
high  pressure  nitrogen  system.  (See  Figure  E-1.)  The  high  pressure  pumper 
truck  contained  liquid  nitrogen  which  was  vaporized  by  ivs  own  system  before 
being  injected  into  the  high  pressure  nitrogen  line. 

3.2  Casing  Plug  Assembly 

The  purpose  of  the  casing  plug  assembly  was  to  limit  the  effects  of  the 
e:q>losion  to  the  cavity.  It  consists  of  two  separate  subassemllles  identified 
as  the  first  snd  second  operation  components  assembly  respectively.  Each 
component  assembly  was  lowered  and  positioned  within  the  wellhead  casing  in 
separate  and  distinct  operations.  Only  those  con?)onent8  that  were  changed 
from  those  detailed  in  the  basic  engineering  design  are  discussed  below. 
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3.2.1  First 


sratiop.  Coeroonents 


The  first  operation  cooponents  consist  of  the  casing  packer,  a  length  of 
6-5/8  inch  diameter,  heavy  vail  casing  threaded  to  the  bottou  of  the  packer 
and  a  bellnouth  fixture  threaded  to  the  bottom  of  the  6-5/8  inch  casing. 

(See  Figure  2. )  The  purpose  of  the  casing  packer  is  to  create  a  fim  seed 
with  the  inside  of  the  vellhead  casing.  The  purpose  of  the  6-5/8  inch 
casing  is  to  transfer  the  gases  from  the  packer  to  the  cavity.  The  bottom 
four  feet  of  the  6-5/8  inch  casing  contains  holes  through  vhich  the  gas  will 
flciw  during  gas  fill.  The  purpose  of  the  bellmouth  fixture  is  to  restrict 
lateral  movement  of  the  instrument  probe  during  gas  fill. 


The  first  operation  components  are  lowered  into  the  vellhead  casing 
on  2-3/8"  drill  pipe.  The  packer  is  "set"  in  the  wellhead  casing  at  a  pre¬ 
determined  depth  using  a  setting  tool. 


Based  upon  the  analysis ,  which  suggested  obtaining  maximum  gas  flow 
rates  within  the  cavity  to  Insure  good  mixing,  a  change  was  made  from  the 
original  design.  This  change  consisted  of  making  the  total  area  through 
which  the  gases  must  flow  directly  into  the  cavity  equal  to  the  minimum  area 
at  any  point  in  the  system.  This  design  would  assure  the  maximum  allowable 
velocity  (350  ft/sec)  was  occurring  as  the  gases  entered  the  cavity.  The 
original  design,  calling  for  slots,  was  amended  to  provide  a  series  of 
l8  holes  whose  total  area  was  18.25  square  inches.  With  due  regard  for 
friction  effects,  this  area  corresponded  with  the  minimum  restriction  area 
located  at  the  packer.  This  new  configuration  is  shown  in  Figure  2. 


3.2.2  Second  Operation  Components 


The  second  operation  conponents  provide  the  electronic  communication 
with  the  cavity  for  monitoring,  firing,  and  recovering  diagnostic  data. 


The  second  operation  components  (often  referred  to  as  the  instrumentation 
string)  received  a  great  deal  of  development  effort  subsequent  to  DIODE  TUBE. 
The  following  items  will  be  discussed  in  detail; 


1)  Detonator  Prob^»  (Pewkage)  and  Detonator  Support 

2)  Instrument  Probe 

3)  Instrument  Probe  Support 
k)  Crossover  Assembly 

5 )  Wellhead  Connections 

6)  Main  Instnmient  Cable. 
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Tvo  naln  probleas  vlth  the  second  operation  coe^nents  were  observed 
during  DIODE  TUBE.  They  were:  (l)  insufficient  environmental  protection 
to  the  instrument  and  firing  circuits,  and  (2)  prolonged  in-field  assembly 
of  cooqponents.  These  prbblas  areas  defined  overall  design  considerations 
for  HUMID  WATER.  The  first  design  consideration  was  to  provide  sufficient 
•environmental  protection.  The  second  design  consideration  vas  to  modularly 
construct  the  second  operation  components  in  the  lab. 

The  overall  approach  to  pro''ide  as  much  environmental  protection  as 
possible  to  the  active  circuits  vlthln  the  instrumentation  string  can  be 
described  as  a  completely  press\ire-tlght  encpsement  of  the  entire  downhole 
assembly  contained  vlthln  the  wellhead,  wellhead  casing,  and  cavity. 

The  ambient  cavity  conditions  were  discovered  after  DIODE  TUBE  to  be 
far  more  corrosive  than  anticipated.  (See  Appendix  C. )  The  resultant  re¬ 
design  effort  centered  upon  achieving  the  highest  possible  reliability  of 
systems  in  this  environment.  Acid  resistant  materials  and  finishes  were 
specified  on  all  downhole  systems.  As  a  second  layer  of  protection,  in  the 
event  of  a  gas  or  acid  entry  anywhere  in  the  system,  a  matrix  of  mechanical 
seals  and  potting  compounds  were  used  that  Isolate  the  effects  to  a  purely 
local  area.  The  third  layer  of  protection  vas  provided  by  designing  and 
encapsulating  individual  critical  electrical  systeas  so  as  to  offer  the  best 
available  expectation  of  withstanding  the  pressure,  tanperature  and  acid 
environments  independently.  The  detailed  discussion  of  the  circuitry  will 
be  found  in  the  system  descriptions  of  this  section. 

The  extreme  amount  of  protection  erfforded  to  the  instrumentation  string 
is  a  critical  requirement.  After  gas  fill,  when  the  cavity  is  stemmed,  no 
other  means  of  ccmnaunication  with  the  cavity  remains  for  control  and  firing. 
Mechanical  and  electrical  integrity  of  the  instrumentation  string  must  be 
maintained,  dictating  huge  safety  factors,  extreme  care  in  the  emplacement 
and  continued  monitoring  until  successful  detonation  is  achieved. 

All  individual  components  and  subassemblies  were  submitted  to  extensive 
environmental  tests  within  the  laboratory.  These  tests  simulated  the 
environments  euiticipated  for  DINAR  COIN  which  are  more  severe  than  those 
anticipated  for  HUMID  WATER.  Final  engineering  approval  vas  based  upon  the 
resultsof  these  tests.  The  systems  described  herein  were  used  during  the 
HUMID  WATER  Event  and  performed  satisfactorily  in  all  respects. 

3.2. 2.1  Detonator  Probe  and  Detonator  Probe  Support 

The  detonator  probe,  shown  in  Figure  3»  contains  the  circuits 
necessary  to  arm  and  fire  the  detonators  upon  command.  Additionally,  a  static 
pressure  transducer  was  also  included  on  the  detonator  probe  to  provide 
ambient  pressure  data  up  to  the  moment  of  detonation.  A  back-up,  hot-wire 
ignitor  system  also  on  the  probe  provides  a  totally  independent  means  for 


10 


detonating  the  cavity  in  the  event  of  failure  in  the  ducd-channel  primary 
system.  This  back-up  Ignitor  vas  incorporated  in  the  system  as  a  result 
of  events  occxirring  on  DIODE  TUBE. 

The  detonator  probe  pressure  case  is  made  of  cadmium  plated*  chromate 
finished  steel.  The  slightly  tapered  nose  permits  the  probe  to  pass  over 
any  surface  irregularities  during  the  insertion  to  the  final  location  at 
the  geometric  cmater  of  the  cavity*  2700  feet  belov  the  surface.  Addi¬ 
tionally*  the  nose  piece  provides  protection  to  the  exposed  detonator 
assemblies.  The  four  section  assembled  probe  is  approximately  3  feet  long* 
k  inches  in  diameter*  with  3/16  inch  thick  walls. 

The  detonator  probe  support  consists  of  a  31  foot  piece  of  3/4  inch 
high  pressiire*  stainless  steel*  flexible  hose.  This  hose  provides  resistance 
to  mechanical  abrasion  to  the  cable  within*  and  forms  am  integral  peirt  of 
the  overall  pressure  caae. 

"0”  rings  were  used  to  coii5)lete  the  pressure  seal  of  the  detonator  probe. 
The  "0"  rings  were  packed  in  silicone  grease  to  prevent  potting  material  from 
entering  the  "0"  ring  grooves  amd  disrupting  the  sealing  mechamism.  The 
contents  were  encapsulated  with  a  cleau*  silicone  resin  (Sylgard  l8U). 

A  mechauxicel  seal  vaa  provided  at  the  connection  of  the  detonator  probe 
and  detonator  probe  support*  backed  up  by  a  potting  conpound  (Hysol  XCU-44150) 
which  hais  an  adhesion  similar  to  the  yield  strength  of  the  cable.  Althoxigh 
the  cable  Itself  was  not  the  load  carrying  member*  the  strain  relief  provided 
by  the  potting  con5)ound*  amd  the  yield  strerigth  of  the  cable  were  adequate 
to  sxipport  the  detonator  probe  independently  had  the  detonator  probe  support 
failed. 


3. 2. 2. 2  Instirument  Probe 

This  element*  shown  in  Figxire  4,  contains  dynamic  pressure 
trainsducers *  anqjlifiers*  a  second  back-up  ignitor*  two  thermocouples,  amd 
a  location  (pass-through)  switch  assembly.  Located  Just  below  the  bellmouth 
assembly*  on  a  line  slightly  below  the  extension  of  the  cavity  walls,  its 
main  function  is  to  provide  diagnostic  data  of  the  detonation.  (See 
Figure  5 • ) 

The  design  of  the  instrument  probe  pressure  case  closely  resembles  the 
detonator  probe*  i.e.,  assembled  in  sections,  each  Joined  with  "0"  rings. 

The  modu].ar  construction  facilitates  assembly  of  interior  components.  The 
instrument  probe  is  approximately  90  inches  long  by  4  inches  in  diameter. 

A  slight  taper  at  each  end  assures  free  movement  over  obstructions  in 
either  direction. 
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Figure  ^  -  Instrument  Probe  Location 
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The  location  svltch  (pass-through)  provides  a  positive,  above  ground, 
latqt  indication  as  the  probe  passes  the  restriction  at  the  bellmouth. 

Positive  location  of  the  bellmouth  can  be  accurately  determined  vithin 
i^rozimately  0.5  feet.  The  lnq>  indication  confirms  that  the  instrument 
probe  is  not  fouled  someirtiere  vithin  the  6-5/8”  casing  above  the  bellmouth 
assembly  and  detonator  probe  has  also  necessarily  dropped  free  to  the 
cavity  center. 

Environmental  isolation  of  the  electronics  vithin  the  instzniment  probe 
is  provided  at  both  ends  by  mechanical  seals  and  "O”  rings  at  the  section 
joints.  The  top  seal  is  backed  up  with  a  strain  relieving,  high  strength, 
potting  coopound  (^sol,  XCU-M150).  The  remaining  interior  volume  is 
cocpletely  filled  with  a  clear  silicone  resin  (Sylgard  l8U)  as  a  back-up 
barrier  to  the  corrosive  environment. 

Environmental  tests  established  that  all  the  transducers  and  anpllfiers 
selected  for  HUMID  WATER  woiild  function  without  external  protection  if  exposed 
to  TOO  psig  and  l80°F  in  combination  while  immersed  in  a  salt  vater/acid 
bath.  This  unlikely  adverse  environment  could  only  occur  during  an  actued 
experiment  if  both  the  Instrument  probe  presstire  case  should  fail,  and 
further  that  the  clear  silicone  resin  should  somehow  permit  moisture  entry. 
Other  laboratory  tests  developed  a  combination  of  mechanical  seeds,  backed 
up  with  a  potting  coopound  (Hysol  XCU-M150),  which  would  vithstemd  U50  psig 
and  225°F  in  a  water  bath.  The  combination  also  demonstrated  that  a  load 
heater  than  the  yield  value  of  the  cable  itself  (about  350  pounds)  could  be 
applied  to  the  seal  assembly  without  damage  to  its  integrity.  This  combina¬ 
tion  was  used  in  the  rigid  2"  pipe  section  immediately  above  the  instrument 
probe . 


3. 2.2. 3  Instrument  Probe  Support 

Choosing  a  location,  within  the  wellhead  casing,  for  the  packer 
is  basically  an  engineering  judgement.  In  the  HUMID  WATER  case,  the  choice 
was  mode  primarily  upon  three  types  of  evidence  of  the  structvural  strength 
of  the  9-5/8”  wellhead  casing.  These  were:  (l)  a  pass-through  the  casing 
with  a  TV  camera,  (2)  a  casing  density  log  made  coincident  with  a  temperature 
log  of  the  casing,  and  (3)  the  results  of  the  casing  cleaning  operation  prior 
to  DIODE  TUBE. 

Immediately  prior  to  the  emplacement  of  the  first  operation  components 
within  the  downhole  casing,  the  casing  is  cleaned  by  a  combination  of  scraping 
and  brushing.  During  this  operation  on  the  DIODE  TUBE  event,  severe  corrosion 
and  mechanical  damage  was  indicated  in  the  section  of  9-5/8"  casing  nearest 
the  cavity.  This  determination  was  made  by  inspection  of  the  cleaning  tool 
assembly  upon  retrieval  from  that  level.  The  condition  of  the  casing  may  be 
Judged  from  the  amount  and  type  of  loose  ma.terieul  trapped  in  the  wire  brush 
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portions  of  the  tool.  Frcm  the  available  evidence ,  the  casing  was  Judged 
to  be  capable  of  seeding  and  supporting  the  dovobole  eq.uipment  weight  if 
the  packer  were  placed  not  lower  than  a  depth  of  2515  feet.  This  working 
point  was  chosen  for  HUMID  W/d!EH.  It  was  selected  to  place  the  top 
transducer  of  the  instroment  probe  at  a  depth  of  2655  feet  to  reduce  the 
effects  of  reflections  of  the  blast  wave  froa  the  chimney  area  interfering 
with  the  main  blast  wave  pressure-time  record.  The  chimney  (fractured  area 
at  the  top  of  the  cavity)  extends  from  depths  of  about  2630  to  26U5  feet. 

(See  Figure  5.) 

When  the  desired  locations  of  both  the  packer  and  instrument  probe  were 
decided,  the  reejuired  length  cf  the  inEtrum»'jt  probe  support  c<,nnecting  the 
two  W81S  determined  at  about  lUO  feet  (2655'  -  2515'  = 

It  was  suspected  that  splices  and  connections  contributed  to  malfunctions 
in  the  electronics  on  DIODE  TUBE.  For  HUMID  WATER,  it  was  determined  that 
the  main  instroment  cable  would  be  continuous  and  unbroken  from  the  wellhead 
to  the  instrument  probe.  Methods  for  shipnent  of  the  second  operation 
components  assembly  were  considered  to  the  test  site,  and  it  was  determined 
to  limit  the  rigid  sections  of  the  instrument  probe  support  t.o  approximately 
15  feet.  This  would  accommodate  the  use  of  a  UO  foot  flat  bed  trailer.  The 
remaining  sections  of  the  instrument  probe  support  were  flexible. 

The  first  section  of  the  instrument  probe  support  from  the  seal  assembly 
down  to  the  first  flexible  section,  consisted  of  two  lengths  of  high  strength, 
rigid  tubing.  Each  length  was  terminated  with  a  mechanical  seal,  and  filled 
with  a  urethane  potting  compound  (Hysol  XCU-Iil50).  The  first  mechanical  seal 
was  fitted  with  a  blow-out  plug  Just  beneath  the  seal  ring.  This  blow-out 
plug  was  designed  such  that  if  grout  from  above  the  packer  somehow  entered 
the  annular  area  between  the  cable  and  the  tubing,  displacing  the  petting 
compoxuid,  it  would  be  routed  outside  the  pressure  case,  isolating  the 
balance  of  the  instrumentation  string. 

The  remainder  of  the  instrument  probe  support  consisted  of  several 
xengths  of  high  pressure  flexible  hose  of  dual  wall  construction  (Anaconda 
BW21-1H-C).  As  a  load  carrying  member,  a  5/l6  inch  diameter  aircraft  cable 
was  suspended  within  the  hose,  attached  by  welding  at  each  Joint  of  the 
flexible  hose.  The  aircraft  cable  limited  stretch  in  the  hose  to  accurately 
maintain  the  en^jlaced  length  and  eliminate  possible  strain  on  the  instrument 
cable  within. 

The  top  of  the  instrument  probe  support  was  connected  to  the  crossover 
assembly. 

3.2.2.i*  Crossover  Assembly 

The  crossover  assembly,  in  combination  with  the  seal  assembly, 
provides  the  means  of  attaching  the  second  operation  components  to  the 
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first  operation  ccaponents.  This  assenbly  rests  upon  a  shoulder  within  *  .e 
packer  and  is  designed  to  latch  and  provide  a  gas  tight  seal  with  the  p  jker. 
The  nsBie  "crossover"  refers  to  the  (change  in  the  main  instrument  cabl' 
position^  which  above  the  crossover  is  displaced  to  one  side  to  pass  the 
sliding  sleeve  gas  valve  located  along  the  centerline.  Within  the  crossover 
assembly,  the  cable  is  routed  to  the  centerline  and  continues  along  the 
centerline  everywhere  below  that  point.  (See  Appendix  A,  Figure  3.) 

The  crossover  assembly  also  allows  the  gases  to  flow  from  an  annular  area 
above  to  the  6-5/8"  casing  below.  The  crossover  assembly  also  contained 
remotely  controlled  gas  and  cementing  valves.  The  basic  design .of  the 
crossover  assembly  was  the  same  for  HUMID  WATER  and  DIODE  TUBE. 

For  the  HUMID  WATER  Event,  the  crossover  assembly  was  modified  to  accept 
a  static  pressure  transducer  and  a  thezmocouple.  These  instruments  were 
designed  to  survive  the  initial  blast  wave  and  monitor  the  pressure  and 
ten^rature  decay  in  the  cavity  after  detonation  so  that  a  safe  period  for 
cavity  re-entry  could  be  predicted.  These  added  instruments  were  connected  to 
the  wellhead  ^ange  by  an  independent  U-peiir  cable  to  maintain  the  integrity 
of  the  main  Instrument  cable. 

3. 2. 2. 5  Main  Instrument  Cable 

The  main  Instrument  cable  was  specially  fabricated  by  Coleman 
Cable  and  Wire  Con^any  for  HUMID  WATER.  This  new  cable  design  was  adequate, 
by  test,  to  be  used  for  DINAR  COIN. 

The  cable  consisted  of  35  pair.  Number  20  AWG  tinned  copper  conductors 
and  2  pair.  Number  20  AWG  Chromel-Alumel  thermocouple  leads.  Each  pair  was 
twisted  and  shielded.  All  pairs  were  Joined  by  two  layers  of  high  temperature 
PVC  Jacketing  separated  by  a  .005"  bare  copper  tape.  The  entire  cable  was 
void  filled  with  a  viscous  material. 

This  improved,  rugged  cable  design  gave  increased  protection  against 
four  hazards;  ambient  temperature,  pressure,  abrasion,  and  moisture  entry. 

Approximately  2700  feet  of  main  instrument  cable  was  used  for  HUMID 
WATER.  This  cable  terminated  at  the  instrument  and  detonator  probes  on 
one  end  and  at  the  wellhead  flange  (above  ground)  on  the  other. 

3. 2. 2. 6  Wellhead  Connections 

It  was  necessary  to  separate  the  main  instrument  cable  into  four 
separate  pair  groups  to  pass  through  the  wellhead  flange  because  con¬ 
ductor  connectors  capable  of  withstanding  e  dynaLiic  oOOO  psi  load  (pressure 
rating  of  the  casing  head)  euid  completely  protected  from  moisture  entry 
were  not  commercially  available.  To  provide  the  same  degree  of  protection 
as  afforded  by  the  origins^,  double  Jacket  on  the  cable,  two  layers  of 
powdered  silica  filled  polyurethane  (DuPont  L  100)  was  used  as  a  flexible 
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encapsulant.  The  assembly  vas  subjected  to  boiling  salt  water  ajod  pressure 
tests  with  no  failure  noted.  These  four  cable  branches,  together  with  the 
Independent  U-pair  cable  from  the  crossover  assembly,  were  routed  through 
the  wellhead  connector  flange  using  high  pressure  passthrough  connectors. 

The  entire  flange/connector  assenbly  vas  then  encapsulated  with  a  high 
strength  epoxy. 

3.3  Data  Acquisition  System 

The  data  acquisition  system  vas  designed  to  acquire  eight  dynamic  pressure 
measurements,  two  static  pressure  measurements,  and  three  temperature 
measurements  frcmi  within  the  cavity  emd  vellhead.  During  the  gas  fill 
operation,  the  static  pressure  in  the  cavity  and  at  the  wellhead  vas  measxired. 
Tes]q>eratiire  measurements  within  the  cavity  and  at  the  packer  were  also 
monitored. 

During  the  detonation,  peak  reflected  and  incident  blast  pressure  measure¬ 
ments  were  to  be  made.  Fros  these  dynamic  data,  wave  velocities  were  to  be 
coiiq)Uted  as  well  as  the  pressure-time  history  at  the  cavity  wall.  After 
the  blast,  the  packer  (crossover)  pressure  transducer  and  thermocouple  were 
to  monitor  equilibrium  pressure  and  tenq>erature.  A  schematic  diagram  of  the 
data  acquisition  system  is  shown  as  Figure  6. 

3.3.1  Temperattire  Probes 

Girccnel-Almel  theiiiiocouples  were  used  in  making  the  temperature 
measurements.  The  thezmocouples  were  sheathed  in  stainless  steel  housings 
and  insulated  with  magnesium  oxide  fill.  Two  of  the  three  thermocouples 
were  fed  to  high  input  Impedance,  zero  reference,  thermocouple  amplifiers. 

(See  Note  U,  Figure  6.)  One  thermocouple  was  located  in  the  packer  for  pre- 
and  post-shot  monitoring,  and  two  were  emplacr*d  in  the  instrument  probe  for 
temperature  measurements  during  gas  filling.  All  the  amplifiers  were  gain 
set  to  produce  outputs  from  0  to  100°C  on  panel  meters.  One  of  the  an^lifiers 
was  provided  with  the  capability  of  prcducing  full  range  meter  output  at 
200°C,  300®C,  n00°C,  500°C,  ana  1000®-:’.  as  well  as  at  l'>o®i\  The  circuits 
linearized  the  output  to  enable  direct  ‘eiidingr. 

The  temperature  measurement  recordir»g  system  was  arranged  so  that 
during  the  blast,  temperatures  woixld  be  recorded  by  the  magnetic  tape 
recorders  and  after  the  blast  on  pressure  sensitive  paper  recorders.  This 
post-shot  recording  would  continue  until  ca^'ity  re-entry. 

3.3.2  Detonetion  Pressure  Measurements 


The  pre-shot,  temperature  related,  failure  of  the  Bytrex  pressure 
transducers  during  the  gas  fill  of  the  DIODE  TUBE  Event  led  to  a  search 
for  a  more  reliable  detonation  pressure  measuraaent  system.  The  search 


Figure  6  -  HUMID  WATER  3i©ial  Sensoring,  Conditioning  and 
Recording  Instrumentation  System  Diagram 


started  by  considering  the  bonded  strain  gage  type  of  pressure  transducer 
manufactured  by  the  Norvood  Gage  Gixnip  of  the  itaUirican  Standard  Cootpany, 

In  Monrovia,  California.  The  gage  was  noted  as  being  designed  to  perform 
under  the  stringent  operating  conditions  expected.  Hovever,  the  output 
signal  from  these  devices  Is  only  three  millivolts  per  volt  of  excitation. 
Without  some  form  of  amplification,  this  output  would  have  been  too  low 
for  use  In  HIMID  WATER.  Further  Investigation  revealed  that  an  amplifier, 
used  with  the  Qorwood  transducers  by  the  Sandia  Corporation  on  sled  tests, 
might  raise  the  output  of  the  gages  to  a  useful  level  above  noise  and 
perform  adequately.  Laboratory  tests  at  CARD  Indicated  that  these  ampli¬ 
fiers,  made  by  Grant  Electronics  in  Los  Angeles,  California,  would  survive 
the  envlronmeat  and  provide  useful  signals  over  the  mile  length  of  cable 
at  a  high  signal/noise  ratio.  The  Norwood  gages  and  Grant  an^lifiers  were 
used  to  measure  detonation  pressures  for  the  HUMID  HAPER  Event. 

The  six  detonation  (dynamic)  pressure  transducers  were  all  located  in 
the  instrument  probe.  (See  Pigiires  k  and  6  for  details.)  The  two  peak 
reflected  pressure  gages  were  located  in  the  instrument  probe  nose  piece, 
facing  the  center  of  the  cavity.  Of  the  five  gages  located  along  the  side 
of  the  instrument  probe,  the  bottom  four  were  incident  pressure  gages.  The 
top  gage,  along  the  side,  measures  equilibrium  pressure.  An  1/8"  thick 
leiyer  of  ablative  silicone  resin  covered  the  sensitive  equilibrium  pressure 
gage  disphragm  to  permit  the  gage  to  survive  the  initial  detonation 
temperature . 

A  typical  detonation  pressure  measurement  channel  is  shown  in  Figure  7. 
The  pressure  transducer,  the  high  gain  amplifier,  a  30%  shunt  calibration 
resistor,  and  a  line  matching  network  were  encased  in  the  instrumentation 
probe  housing.  Six  electrical  conductors  are  required  for  each  transducer 
system.  Two  conductors  (sdlow  modtile  excitation,  two  carry  the  output 
signals,  and  two  provide  for  the  30%  shunt  calibration. 

All  six  conductors  terminate  in  ar  assigned  signal  conditioner  channel. 
The  signal  conditioners  contained  differential  input  amplifiers,  floating 
power  supplies  in  each  chsuinel  and  a  remote  calibration  capability.  The 
excitation  conductors  deliver  direct  current  power  to  the  Grant  amplifier 
from  the  signal  conditioner  power  supply.  The  Grant  amplifier  incorporates 
a  voltage  regulator  from  which  the  bridge  circuits  of  the  Norwood  gag,  '  are 
excited.  The  gage  outputs  provide  signals  to  the  differential  inputs  of 
the  Greint  amplifier.  The  amplifier  output  is  fed  to  a  line  matching  network 
which  feeds  the  long  transmission  line  -'about  1  mile)  leading  to  the  signal 
conditioner  channel.  The  other  two  conductors  from  the  Norwood/Grant  com¬ 
bination  are  fed  via  a  50^  calibration  resistor  through  the  line  to  the 
signal  conditioner  channel.  The  signal  conditioner,  on  demand,  provides 
a  short  circuit  across  one  leg  of  the  sensing  bridge  of  the  Norwood  transducer. 
Electronically,  this  causes  a  gage  output  exactly  equivalent  to  505?  of  full 
scale,  permitting  calibration  checks,  remotely  and  on  demand,  at  any  time 
prior  to  the  detonation. 
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Figu,-e  7  -  atypical  Blast  Pressure  Msasurement  Channel 


The  signal  conditioner  aaplifier  is  gain  adjusted  to  provide  a  1-1/2 
volt  full  scale  signal  for  records  on  an  FM  channel  on  both  magnetic 
tape  recorder. 

3.3.3  Static  Pressure  Measurements 

Static  pressure  measurements  were  made  during  gas  fill.  A  Servouics 
capsule  transducer  with  potentiometer  output  was  used  in  two  locations. 

One  unit  was  encased  in  the  detonator  probe,  and  another  vuxit  was  moimted 
at  the  wellhead.  Each  unit  vas  used  in  a  null  bridge  circuit.  The  circuits 
are  shown  in  Figure  8.  A  cedibrated  position-numbered-multitum-dial  is 
mechanically  coupled  to  a  matching  potentiometer.  The  potenticaneter  arm  is 
moved  to  correspond  to  the  relative  position  of  the  transducer  potenticaneter 
arm  so  that  a  null  current  resiilts  in  the  meter  circuit  wired  between  both 
potentiometer  arms.  Each  system  was  individually  calibrated  so  that  the 
number  appearing  on  the  mtiltituim  dial  corresponded  to  a  pressure. 

3.U  Firing  Circuit  System 

The  firing  circuit  systen  consists  of  two  units:  the  above-groimd  control 
luxit,  and  firing  circuit  unit  in  the  cavity.  (See  Figure  9. ^  Each  unit 
is  reduiident,  affording  the  reliability  of  6ui  independent,  dual  channel, 
system. 

3.^.1  Firing  Circuit  Unit 

Two  Firing  Circuit  Units,  located  in  the  center  of  the  cavity,  are 
enclosed  by  the  detonator  probe.  Each  unit  is  independently  controlled  by 
a  separate  firing  channel.  Each  vmit  consists  of  a  filter  network,  a  neon 
bulb,  a  silicon  controlled  rectifier  (SCR)  firing  unit,  two  parallel  firing 
capacitors,  a  Safe/Arm  relay,  and  detonator.  A  typical  channel  is  des¬ 
cribed  in  the  right  hand  half  of  Figure  9. 

Extensive  filtering  networks,  designed  into  the  circuit,  guard  against 
premature  firing  due  to  spurious  high  frequency  signals.  Protection  against 
false  firing  by  transient  low  frequency  signals  is  provided  by  the  neon  bulb 
which  effectively  blocks  the  passage  of  all  voltage  signals  below  its 
illuminaticn  level. 

The  charge  capacitors  store  the  detonator  ignition  energy  at  a  level 
of  about  200  volts.  Upon  receiving  the  trigger  pulse,  the  gate  circuit  of 
the  SCR  opens,  permitting  the  SCR  to  conduct.  Conduction  of  the  SCR  permits 
the  capacitors  to  discharge  through  the  SCR,  thereby  firing  the  detonator. 

The  type  of  detonator  used  to  explode  the  detonable  gas  mixture  is  a 
Holex  Type  No.  itSOO  which  contains  195  milligrams  of  equivalent  PETN. 
Ensign-Bickford  Primacord  (1^00  gr/ft)  was  used  as  a  booster  for  the 
detonator.  Total  explosive  charge  is  in  the  order  of  i40  grains  of  PETN. 
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Flgvtr».  9  -  Trigger  and  Firing  Circuits 


Two  detonators  and  boosters  are  located  in  the  detonator  probe  nose  piece 
as  er^senblies  in  a  stainless  steel  housing.  Each  detonator  ass«'.oly  is 
linked  independently  to  its  corresponding  firing  circuit. 

The  coB^lete  firing  circuit  unit,  .less  the  pressure  case  and  encap¬ 
sulation,  was  tested  in  a  oethane/oi^ygeu  mixture  at  15  and  UO  atmospheres 
of  pressure.  In  this  test,  the  units  functioned  properly,  detonating  the 
gas  mixtxire.  Other  envlroimiental  tests  included  boiling  salt  water  and 
static  pressure  of  700  psig.  In  the  latter  tests,  the  explosivec  were 
substituted  by  dumny  loads.  The  unit  successfully  passed  8l1i  environmental 
tests,  protected  only  by  the  encapsulant  (^Igard  l84).  The  cuter  pressure 
case  provided  an  additional  margin  of  reliability. 

3.^.2  Ground  Control  Unit 

The  Ground  Control  Unit,  located  above  ground  2000  feet  from  grotmd 
zero  (wellhead  casing)  consists  of  two  identical  channels,  each  having  a 
200  volt  direct  current  power  source,  a  charge-monitoring  voltmeter,  a 
Safe/Arm  indicator,  a  2U  volt  direct  current  power  source,  and  a  trigger 
circuit.  A  typical  \init  is  shown  in  the  left  half  of  Figure  9»  The 
operational  description  can  be  followed  on  Figure  9*  Unit  operation 
consists  of  the  following  sequence  of  control  steps: 

1)  Initial  conditions:  All  power  off.  Charge  line  E  is  discharged. 
Waterways  Experimental  Station  (Wi^)  timing  programmed  contact^ 
are  open.  Trigger  line  F  is  shorted  to  ground  through  125 
milliami)ere  fuse. 

2)  Turn  Arm  power  on  (24  volts  direct  current).  Tuni  Charge  power 
on  (200  volts  direct  current).  Close  key  lock  switch. 

3)  At  -42  seconds,  WES  provides  a  programmer  start  signal. 

4)  At  -30  seconds,  the  programmer  contacts  on  charge  line  E  are 
closed.  The  firing  capacitors  charge  toward  100  percent.  The 
charge  monitoring  voltmeter  indicates  the  state  of  charge. 

5)  At  -3  seconds,  WES  programmed  contact  on  Arm  line  B  is  closed. 
Energy  to  the  Safe/Arm  relay  causes  a  contact  closure  that 
lights  the  Safe/Arm  indicator.  Simultaneously,  another  contact 
opens  to  remove  the  safety  short  circuit  from  the  detonator. 

6)  At  0  seconds,  the  WES  firing  pulse  opens  the  gate  circuit  of  the 
SCR,  applying  200  volts  across  the  125  milliampere  fuse.  The  fuse 
opens,  permitting  the  trigger  pulse  to  be  applied  to  the  firing 
circuit  via  line  F_.  The  trigger  level  (200  volts)  breaks  down 
the  neon  bulb,  raises  the  SCR  gate  so  that  the  SCR  conducts,  thus 
permitting  the  firing  capacitors  to  discharge  through  the 
detonator  to  cause  detonation. 
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3.5  TiM«e  Reference  System 

A  time  reference  systoe  was  provided  at  the  Tat:B  Dene  Test  Site 
the  U.  S.  Anajr  Corps  of  Engineers  Waterways  Experinental  Station  (WES). 

The  system  is  the  Inter-Range  Instrumentation  Grow  Format  B  (IBIG  B). 

This  series  of  coded  signals  designates  range  time  in  milliseconds  to  an 
acctiracy  of  microseconds.  The  tine  was  correlated  with  transmission  from 
the  Hational  Bureau  of  Standards  Station  WWV  located  in  Colorado. 

An  additional  timing  reference  signal  was  supplied  by  CARD.  This 
10  kiloheirtz  signal  is  produced  by  an  accurate  time-narker-generator  unit. 
Both  IHIG  B  and  the  10  kilohertz  signal  were  fed  to  channels  on  the 
recorders  so  that  they  would  provide  all  reference  timing  required  to 
cmalyze  the  event  data. 

3.6  Valve  Control  System 

The  valve  control  system  provided  for  remote,  single  location,  control 
over  the  piping  and  valving  system.  Power  failures  oeexarrei  during  critical 
oxygen  fill  time  diuring  the  DIODE  TU^  Event.  These  random  power  failures 
caused  the  CARD  valve  control  system  to  lock  up  the  valves  even  though  oxygen 
vaporization  was  continuing.  Oxygen  pressure  continued  to  bvdld  up  in  the 
delivery  lines.  To  overcome  this  tmdesired  operation,  a  new  valve  control 
system  was  designed,  fabricated,  and  installed  for  HUfflD  WATER.  In  case 
of  xx^ver  failure,  all  valves  continue  to  stay  in  their  last  ordered  con¬ 
dition.  The  manual  overrides  are  still  available  to  change  valve  condition, 
if  desired,  in  the  event  of  power  failure. 

During  the  design  of  the  new  valve  control  system,  additional  features 
were  incorporated  such  as  elimination  of  any  possible  overshoot  on  valve 
operation  command.  An  improved  local/remote  control  lock-iq>  arrangement 
was  developed  and  the  display  Improved  to  clearly  indicate  valve  status  in 
bright  lighting  conditions.  This  new  ralve  control  system  is  shown  in 
Figure  10. 

The  system  is  segregated  into  three  locations:  the  motor  operators 
which  are  mounted  above  the  valves;  a  "local"  control  box  near  ground 
zero;  and  the  remote  control  box  located  in  the  CARD  instrumentation  shack. 

The  valve  operators  are  reversible  alternating  current  motors  equipped 
with  end-of-travel  limit  switches.  One  side  of  each  limit  switch  connects 
to  a  steering  diode  at  completion  of  an  open  or  closed  function.  Connection 
of  the  switch  to  its  appropriate  diode  provides  the  report-back  information 
indicating  valve  position. 

The  "local"  control  box  contains  the  main  circuit  breaker  and  a  key  lock 
switch  that  controls  the  selection  of  the  valve  control  point,  (i.e., 
local  or  remote).  One  latching  relay  per  valve  is  included  as  well  as 
display  lamps  and  the  control  switches. 
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The  remote  control  box  contains  a  power  "on"  switch,  four  vadve  control 
switch  arrangements  consisting  of  one  "open"  and  one  "close"  switch  per 
valve  and  a  lamp  display  that  indicates  valve  condition. 

During  gas  fill,  the  local  control  box  key  switch  selector  is  set  to 
remote  control.  The  valve  open/close  control  is  then  accomplished  in  the 
Instrumentation  shack.  When  control  resides  at  one  location  the  other 
location  csuinot  override. 

3.7  Tracer  Gas  System 

The  tracer  gas  used  for  the  HUMID  WATER  Event  wsis  BF-  provided  by 
Isotopes,  Incorporated.  This  gas  was  to  be  used  in  DINAR*^COIN  as  a  means 
of  estimating  damage  to  the  cavity  walls  and  was  being  utilized  in  DIODE 
TUBE  on  a  trial  basis. 


CARD  provided  eui  access  in  both  the  oxygen  and  methane  gas  fill  piping 
system.  One  access  point  was  located  near  the  manual  control  valve  in 
the  methane  pipeline,  and  the  other  near  the  manual  control  valve  at  the 
entrance  of  the  oxygen  pipeline. 


The  addition  of  SFg  to  methane-oxygen  mixtxires 
degrading  effects  on  detonation  as  the  addition  of 
flammability  of  methane^in  air  are  unaltered  by  up 
tion  of  CO-  by  volume.'  Therefore,  the  addition 
of  SFg  to  6ie  HUMID  WATER  detonable  mixture  had  no 


produces  the  same 
CO  .'5^  The  limits  of 
to^20,000  PPM  concentra- 
of  10  pounds  (or  I8  PPM) 
measurable  effect. 
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?ROCEDURE 


The  procedures  used  la  the  IftMD  WATER  Event  were  in^roved  upon  from 
those  used  in  DIODE  TUBS.  The  basic  program  organization  was  modified  so 
that  area  (mechanical,  electrical,  ate.)  responsibility  could  be  assigned. 

Log  books  were  maintained  by  each  area,  and  procedures  written  for  major 
operations.  All  assembly  and  lezt  of  eauipment  possible  wets  accomplished 
in  the  laboratory,  before  going  into  the  field. 

Important  changes  were  made  in  the  gas  fill  proced'ore,  in  that  the  order 
in  which  the  gases  were  loaded  was  reversed,  end  the  oxygen  delivery  rates 
greatly  increased.  These  changes,  combined  with  changes  in  the  equipment 
systems  described  in  Section  3  of  this  report,  account  for  the  other  differ¬ 
ences  in  the  procedure  of  the  two  experiments. 

A  schedule  of  the  maj''’*  activities  for  HUMID  WATER  is  shown  as  Table  1. 
The  descriptive  paragraphs  that  follow  explain  the  work  content  of  the 
activities  shown  on  the  schedule. 

^•1  Pipeline  and  Valve  Renovation 

Between  the  DIODE  TUBE  and  HUICD  WATER  Events,  the  pipeline  system 
suffered  extensive  damage  due  to  a  hurricane.  This  required  major  repairs 
to  return  it  to  its  original  condition.  In  addition  to  hurricane  damage, 
the  climatic  conditions  in  the  test  site  area  corroded  the  ball  valve  seats 
such  that  repairs  were  necessary.  The  valves  were  renovated  by  the  manu¬ 
facturer  concurrently  with  pipeline  repair. 

Required  repairs  to  the  pipeline  included  replacement  of  severely 
damaged  sections,  rebuilding  weakened  or  broken  support  structures,  align¬ 
ment  of  bent  sections,  removed  of  felled  trees  that  bridged  the  pipeline, 
and  improvement  of  access  roads. 

k.2  Laboratory  Preparation 

The  increased  sophistication  of  the  equipment  described  in, this  report 
for  HUMID  WATER,  as  compared  to  the  designs  used  in  DIODE  TUBE,  and 
the  desire  to  reduce  the  in-field  effort,  made  it  necessary  to  complete  the 
assembly  of  all  the  systems  within  the  laboratory,  insofar  as  that  was 
practical.  Further,  this  philosophy  was  adopted  to  preclude  or  limit  in¬ 
field  problems  sind  to  provide  a  better  environment  for  assembling  and 
potting.  This  had  an  additional  value,  as  laboratory  tests  could  be  por- 
formed  on  entire  systems,  verifying  their  proper  function.  In-field  pre¬ 
paration,  other  than  for  "installed"  equipment  such  as  the  pipelines,  etc., 
therefore  was  limited  to  making  cable  inter-connections,  check-outs,  and  what 
might  be  described  a  "bolt-together"  operation. 
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The  entire  second  operation  eoiQ>oncnt  assembly,  described  in  Section  3, 
was  assembled  and  checked  in  the  laboratory.  The  MIRACLE  PLAY  Console, 
contair.ing  the  firing  system  ground  control  units  and  the  static  pressxire 
and  tesqperature  monitoring  controls,  was  constructed  as  a  complete  unit. 

Also  fabricated  as  complete  assemblies,  were  the  valve  controllers  and 
signal  conditioners. 

The  first  and  second  operation  component  Eissemblies  were  packaged  and 
loaded  upon  a  UO  foot  flat  bed  trailer  for  delivery  to  the  test  site.  The 
other  assemblies  were  transported  from  the  laboratory  to  the  test  site  in 
a  llj  foot  commercial  moving  van  with  the  balance  of  the  experimented  equip¬ 
ment  needed  that  was  not  left  in  place  after  DIODE  TUBE  or  shipped  directly 
from  the  manufacturer. 

U.3  In-Field  Preparation  of  EquiiBnent 

The  pipelines  were  inspected,  and  repaired  as  necessary.  All  pipelines 
were  cleaned  and  pressure  checked.  All  vedves  were  re-installed  and  checked 
for  proper  operation,  both  manually  and  remotely  driven  where  such  options 
existed. 

The  casing  head/Mssmbly,  consisting  of  a  blowout  preventor  and 
associated  hardware,'  '  was  cleaned,  checked  for  proper  operation,  and 
pressure  checked.  See  Appendix  D  for  details  of  this  procedure. 

The  2-3/8"  tubing  string  which  was  used  to  lower  all  equipment  i*  the 
wellhead  casing,  was  cleaned  by  sandblasting  and  protected  from  corrosion 
by  a  single  coating  of  automotive  primer.  This  operation  removed  all  of 
the  oil  preservatives  that  would  be  a  potential  fire  hazard  in  an  oxygen 
atmosphere,  and  most  of  the  loose  particles  that  might  create  static 
charge  buildup. 

Equipment  systems,  assembled  in  the  laboratory,  were  installed,  inter¬ 
connected,  and  checked  for  proper  operation.  The  oxygen  purge  of  the  oxygen 
pipeline  and  wellhead  casing  described  in  Section  3  was  completed  using 
approximately  lU0,000  SCF  of  gas.  Following  the  purge,  the  cavity  was 
vented  to  equilibrium  with  the  atmosphere  through  the  venting  systems. 

U.U  Bgplacement  Procedure 

Most  of  the  techniques  used  are  standard  within  the  oil  field  practice. 
Advice,  and  supervision  of  the  drill  rig  crew,  was  furnished  by  the  con¬ 
sultant  firm  of  Fennix  and  Sisson,  Inc.,  Las  Vegas,  Nevada.  Detailed 
descriptions  of  step-by-step  procedures  are  included  with  this  report  in 
Appendix  D.  They  may  be  briefly  summarized  by: 

a)  Mobilize  and  degrease  rig. 

b)  Pressure  test  casing  head  assembly. 
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c)  Tesmerature  log  casing  and  cavity, 
d;  Clean  vellhsad  casing. 

e)  Emplace  casing  plug  assembly. 

f)  Demobilize  rig. 

g)  Close  sliding  sleeve  valve  after  gas  fill. 

h)  Stem  casing. 

U.5  Mandatory  Full  Power,  Full  Fregiiency  Test 

This  test  was  performed  immediately  prior  to  lowering  the  second 
operation  components.  The  test  consists  of  all  participating  agencies 
utilizing  shot-^day  procedures  to  evaluate  timing  and  firing  control  systems, 
and  discover  potential  problems  in  ccmmxmications  or  data  recovery.  For 
this  test,  the  detonator  assesiblies,  normally  in  the  nose  cone  of  the 
detonator  probe,  were  not  in  place  to  prevent  damage  to  the  probe.  A 
special  set  of  detonators,  sand  bag  covered,  were  connected  to  the  detonator 
probe  with  a  short  patch  cord.  After  successful  completion  of  the  test, 
detonatoi  assemblies  were  Installed  in  their  normal  location,  the  probe 
encapsulation  completed,  and  the  encapsulation  permitted  to  cure  over-night 
before  lowering  the  following  day. 

k.6  Gas  Fill  Procedures 


The  ctr  fill  procedure  may  be  simanarized  by  the  following  sequence: 

1 )  Nitrogen  purge 

2)  Load  methane 

3)  Nitrogen  purge 

U )  Load  ozygen 

5)  Nitrogen  purge. 

The  initial  nitrogen  purge  (2000  SCF)  provides  an  inert  atmosphere  for 
starting  methane  flow,  thereby  preventing  a  possible  detonable  mixture 
developing  above  ground.  Methane  flow  was  continuous  in  the  second  step 
above,  stabilized  about  150,000  SCF/Hr.  Hourly  readings  were  taken,  after 
stabilization,  of  flow  rate  and  total  delivery  until  approximately  100,000 
SCF  from  the  desired  total.  At  that  point,  methane  flow  was  stopped,  all 
gas  volume  calculations  reviewed  and  verified,  then  the  precise  balance 
added.  Precisely  2,965,000  SCF  of  mettane  was  delivered  in  21  hours  total 
elapsed  time. 

An  intermediate  nitrogen  purge  (25,000  SCF)  removes  all  methane  froL 
the  portions  of  the  pipeline  system  and  wellhead  casing  that  will  be  in 
contact  with  the  oxygen  to  follow.  This  prevents  above  ground  detonable 
gas  mixtures. 


Oxygen  flow  was  discontinuous  as  the  arrival  of  liquid  o^gen  tankers 
coTild  not  be  sc’  eduled  rapidly  enough  to  supply  a  continuous  da&and  of 
UOOtOOO  SCF/Hr.  With  the  «q?proval  of  the  Test  Director,  after  the  cavity 
pressure  had  increased  sufficiently,  f].ov  rates  were  permitted  to  increase 
ai^roximately  10]^.  This,  due  to  the  increased  pressure  head,  would  not 
result  in  exceeding  any  prior  approved  maximum  oxygen  velocity  in  the 
system.  The  oxygen  fill  was  cceqpleted  approximately  13  hours  ahead  of 
schedule,  or  in  29  of  the  U2  schedule  hours  for  a  total  delivery  of 
1»  ,561 ,000  SCF. 

After  the  final  nitrogen  purge  C50,00C  SCF)  minor  leaks  in  the  wellhead 
flaz^es  were  nearly  stopped  by  tightening  the  fl.ange  bolts.  The  net 
pressure  loss  rate  was  then  established  to  be  at  most  3  psi/hr.  After 
closing  the  sliding  sleeve  valve  and  steaming,  the  pressure  was  increased 
to  230  psig  (with  nitrogen)  in  the  area  above  the  grout  thereby  creating  a 
pressure  differential  to  insure  that  no  cavity  gas  would  flew  upward  during 
the  2U  hours  required  to  cure  the  grout.  !Ihe  entire  gais  filling  procedure 
required  36  hours,  including  equipment  change-over  times. 

1».7  Conduct  Test 


The  control  of  the  HUMID  WATER  initiation  was  to  have  been  transferred 
to  a  timer/stepping  switch  within  the  MIRACLE  PLAY  Console.  This  console 
would  have  been  started  by  a  Waterways  Experimental  Station  time  marker 
signal.  The  planned  operation  of  all  systems  is  described  in  Section  3. 
Detonator  zero  was  scheduled  for  0500  hours  (CST)  21  April  19T0.  Detonation 
occurred,  probably  dxie  to  a  lightning  strike,  about  12U5  hours  (CST), 

19  April  1970.  Therefore,  these  proced^lres  were  not  followed.  A  discussion 
of  the  actual  events  will  be  found  in  Section  5  -  Results. 

1».8  Re-Entry 

After  the  cavity  gases  have  cooled  sufficiently  to  reduce  the  pressure 
to  a  safe  level,  gas  ccxomunlcation  to  the  surface  .is  established  by  milling 
out  the  2-3/8”  tubing  string.  These  gases  are  vented  through  a  treatment 
plant  and  periodic  samples  taken  and  analyzed.  The  balfuice  of  the  procedures 
listed  below  are  to  clear  the  wellhead  casing  to  permit  re-use  of  the  cavity. 

1.  Pick  up  1-7/8"  mill  with  check  valve  on  1"  tubing  and  run  into 
2-3/8"  O.D.  tubing. 

2.  Mill  cut  cement,  cementing  sleeve,  floating  piston,  and  baffle 
collars  using  conventional  water  cirr.ula'-ion.  Switch  returns 
from  water  tank  to  filtration  plant  when  communication  is 
established  with  the  cavity. 

3.  Bleed  down  cavity  through  filtration  plant. 
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•».  Pull  l"  tubing  and  remove  2-3/8"  O.D.  wellhead  equipment. 

5.  Cut  2-3/8"  tubing  at  cement  top.  Bresk  cables,  pull  tubing  emd 
cables . 

6.  Run  7"  washpipe  on  4-1/2"  drill  pipe  and  wash  out  cement.  Cut 
Emd  retrieve  tubing  and  cable  in  maximum  length  sections 
permitted  by  hole  conditions. 

7.  Attempt  to  disengage  seal  assembly.  If  .msuccessful,  mill  out. 

8.  Hill  cut  and  atteiiq)t  to  retrieve  packer  and  6-5/8"  casing. 


SECTION  5 


RESULTS 


5.1  Event  Description 

All  of  the  procedures  outlined  in  Section  U  were  followed  through  the 
stemming  of  the  downhole  casing.  The  stenming  procedure  was  completed  about 
0230  hours,  CST,  19  April  1970.  The  stemiting  would  rc-ouire  approximately 
2k  hours  to  cure.  During  this  curing  cycle,  a  mini.r’jn  work  force  woxild 
maintain  a  continuous  monitoring  and  control  function.  Basically  this 
force  consisted  of  representatives  of  the  AEC,  DASA  tuad  GARD.  Additionally, 
there  were  safety  and  security  teams.  The  safety  team  had  members  proficient 
in  Industrial  Safety,  Radiation  S'^fety,  and  Firefighting. 

The  last  complete  check  of  all  GARD  control  and  data  acquisition  cir¬ 
cuits  revealed  no  anomalies.  This  check  was  reported  as  of  1130  hours, 

CST,  19  April  1970. 

A  sudden,  but  intense,  local  storm  commenced  about  noon,  acconqpanie'^ 
by  frequent  lightning  strikes,  one  of  which  struck  somewhere  the 
general  vicinity  of  ground  zero  and  created  a  considerable  e.r  blast 
within  the  monitoring  and  control  bviilding  located  about  200C  feet  from 
ground  zero.  The  time  was  observed  to  be  12U5  hours,  CST,  19  April  1970. 

The  GARD  representative  immediately  went  to  a  position  from  which  he  could 
observe  the  GZ  sirea.  There  were  no  anomeuLies  noted,  e.g.,  flying  debris, 
fires,  etc.  The  DASA  representative  started  immediately  to  check  to  static 
pressure  and  temperature  readings.  Significant  changes  from  the  last 
recorded  readings  were  noted.  A  warning  to  evacuate  the  GZ  area  was  given 
to  prevent  injiury  to  personnel  pending  a  more  complete  analysis. 

A  GARD  representative  checked  the  Arm/Safe  relay  circuit  and  found  a 
shorted  indication.  The  absence  of  an  open  circuit  made  it  mandatory  that 
power  be  removed  from  all  circuits  having  potential  communication  with  the 
cavity  until  the  exact  status  could  be  determined. 

Later  circuit  analysis  showed  all  circuits  were  somehow  shorted  to  one 
another.  Small  gas  bubbles  began  to  appeeu:  around  the  wellhead  casing  in 
the  wet  soil.  These  were  sampled  and  contained  some  carbon  monoxide,  but 
mostly  nitrogen.  The  samples  were  indicative  but  inconclusive  evidence 
of  a  detonation. 

It  was  determined  that  safety  would  permit  the  monitoring  of  thermo¬ 
couples.  These  readings,  presented  later  in  this  section,  gave  strong 
indications  of  a  detonation,  but  were  not  accepted  as  proof  of  a  detonation 
as  they  were  consistent  with  a  hypothetical  fusing  of  the  main  cable  at  some 
point  above  the  cavity  due  to  electrical  arcing  created  by  the  lightning. 
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A  positive  detezslnation  that  a  detonation  occurred  was  aade  uben  a 
prelialnary  report  of  a  eelodc  recording,  observed  at  the  vardtouse 
locaticm  (about  5  ailes  northeast  of  ground  sero)  indicated  amplitudes 
much  larger  than  nomal  for  lightning  induced  ground  sntion  and  at  the 
saee  tii^  as  the  intense  lightning  strike. 

Diagnostic  data  was  not  recorded,  due  to  the  detonation  occurring 
substantially  before  the  scheduled  event.  Recording  time  is  severely 
limited,  thus  continuous  monitoring  of  those  data  channels  duidng  the 
2k  hours  irequired  to  cure  the  grout  vould  not  have  been  practical. 

Enough  facts  were  observed  to  verify  most  of  the  basic  requirements 
of  the  eiqperiaent.  Large  quantities  of  explosive  gases  can  be  loaded 
separately  and  mixed  in  underground  cavities  safely  and  with  precision. 
Th<7  can  be  detonated,  and  vill  release  large  amounts  of  energy.  Inspec¬ 
tion  of  the  residual  cavity  gases  stiggest  that  the  detonation  was  thezmo- 
cheadcally  near  that  predicted. 


5.2  Cavity  Temoeratxire 


Figure  11  is  a  plot  of  the  tes^raiures  recorded  theznocouples  located 
at  the  packer  and  instrument  probe.  Ho  readings  vere  recorded  from  approxi¬ 
mately  tvo  minutes  after  the  lightning  "strike"  for  about  five  hours  dtie  to 
equipment  pover  down  directed  as  a  safety  measure  until  the  effects  of  the 
lightning  strike  could  be  analyzed.  A  small  positive  bias  on  the  order  of 
several  degrees  is  expected  in  this  data  due  to  small  induced  voltages  in 
the  relatively  long  lead  lines  (about  one  mile).  The  data  seems  to  indicate 
a  detonation  occurred  and  rather  ri^id  cooling  to  the  equilibrium  conditions 
of  the  cavity. 


5.3  Seismic  Data 


Some  seismic  data  vas  recovez%d  d\ie  to  the  foirtunate  circumstance  that 
some  of  the  seismographs,  intended  to  record  this  exMriment,  vere  operating 
at  the  time  of  the  unintentional  detonation.  Johns^' '  reports  the  preliminazy 
analysis  of  the  seismic  data  taken  at  recording  stations  at  about  TO  km 
from  GZ.  These  gauges  vere  recording  during  the  time  the  gas  detonated. 

The  first  P  vave  signal  an^litudes  vere  not  recorded,  but  only  inferred  from 
ccmparison  vith  other  shot  records.  The  amplitudes  of  the  HUMID  WATER  Event 
were,  in  most  modes  of  coiiq>arison,  larger  than  those  in  the  STERLING  Event. 

A  factor  of  1.5-2  in  the  amplitudes  voiild  approximately  describe  the  ratio, 
but  caution  is  advised  since  the  spectral  content  of  liie  signals  in  HUMID 
WATER  vas  slightly  different  from  STERLIHG. 


This  data  infers  a  detonation  occurred,  as  no  other  phenomenon  (e.g. 
difftision  flame)  vould  have  produced  ground  motion  of  this  magnitude  short 
of  an  earthquake.  An  earthquake  exactly  coincident  vith  other  observed 
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Figure  II,  PRE SHOT  AND  POST  SHOT,  CAVITY  AND  PACKER,  TEMPERATURE  HISTORY. 


phencaiena  (e.g.  llghtniogt  temperature  «ad  pressure  changes)  is  extremeijr 
ia^robahle.  Analysis  of  this  data  is  aude  more  difficult  considerable 
background  noise »  due  to  the  local  storm,  ouperis^sed  upon  the  seismic 
records . 

5.^  Analysis  of  Cavity  Bleed-Down  Gases 

Subsequent  to  confirmation  that  a  detonation  he-i  in  fact  occurred,  the 
cavity  vas  re~entered  with  techniques  described  in  Section  U.8.  The 
cavity  press^lre  upon  entry  vas  lUO  psi.  Table  2  presents  periodic  analysis 
of  the  venting  gas  saiiq;>les  which  include  about  60)^  CO.,  indicating  a  rather 
complete,  full-scale,  reaction.  Differences  in  relative  percentages  of 
residual  gases  observed  after  DIODE  TUBE  (see  Appendix  A)  are  consistent 
with  the  difference  in  initial  Og/CHj^  ratios  (DT  =  1.96*  HW  -  1.6). 


TABLE  2 

GAS  AEALYSIS  ill 


DATE/TH^E  (CST) 

H^S 

«2 

^2 

CO 

CO2 

<^2 

«2 

2  May  1970/1100 

8.6 

11.0 

2.5 

1».0 

60.2 

1.0 

12.5 

3  May  1970/1100 

8.0 

13.7 

3.0 

3.8 

57.1 

1.1 

13.3 

5  May  1970/1515 

6.0 

13.7 

3.0 

3.6 

59.0 

1.5 

12.0 

May  1970/1000 

5.3 

11.5 

3.5 

U.3 

62.5 

1.6 

11.9 

U  May  1970/1700 

5.2 

10.6 

3.5 

U.O 

62.0 

l.i* 

11.3 

5  May  1970/1600 

5.9 

10.3 

3.8 

3.7 

61.0 

1.3 

13.0 

The  significant  amount  of  H^S  probably  is  due  to/g, reaction  with  the 
calcium  s’jlfate  impurity  present  in  the  cavity  walls. ^  ' 

5.5  Evaluation  of  Experimental  Procedure 

The  emplacement  program  discussed  in  Section  proceeded  smoothly  as 
planned.  All  the  equipment  was  conservatively  designed,  and  adequate  in 
all  respects  for  its  intended  use. 
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Ihe  gas  fill  procedures  and  equlpaient  performed  in  all  respects  equail 
tOt  or  exceeding*  expectations,  k  flow  rate  demand  110/^  of  that  planned 
was  placed  \Q>on  the  oxygen  delivery  system  without  evidence  of  stress. 
Methane  delivery  was  maintained  within  approximately  1%  of  the  desired  flow 
rate*  without  difficulty  or  service  interruptions. 

Steming  the  wellhead  casing  went  without  incident.  The  casing  plug 
assembly  functioned  properly  sealing  the  cavity*  and  there  was  no  evidence 
of  any  loss  of  stemming  material  into  the  cavity.  Backup  procedures  are 
necessary  as  a  precaution  in  the  event  a  positive  seal  is  not  obtained*  but 
were  not  used  in  either  HUMID  WATER  or  DIODE  TUBE.  Leakage*  even  sifter  the 
detonavion*  was  confined  to  small  crsu:ks  in  the  grout  outside  the  9-3/8  inch 
wellhead  casing. 

The  second  operation  ccmqponents  *  containing  the  diagnostic  instmmien- 
tution*  was  exposed  to  the  cavity  environment  from  the  15th  to  19th  of 
April.  During  that  four  days  to  the  detonation*  no  evidence  of  moisture 
entry  or  system  failure  was  noted.  Insulation  resistsmce  vp1v«s  did  not 
shift.  (A  shift  would  normally  be  observed  if  moisture  entry  occurred. ) 

Periodic  checks  of  above-ground  equipment  revealed  no  problems.  The 
Mandatory  Pull  Power*  Pull  Prequency  Test  was  completed  successfully  on 
the  first  try*  verifying  the  ability  of  all  systems  to  work  together. 

The  detonation  mechanism*  probab^.dvie  to  lightning*  was  studied  by 
E.G.  and  G. *  Albuquerque*  Hew  Mexico.'-'  Analysis  confirms  it  was  due  to 
lightning  although  ti.e  exact  mechanism  is  yet  unkjown.  Ho  evidence*  despite 
a  thorough  search*  was  ever  found  of  a  direct  st  •ike  on  any  conqjonent  of 
the  system.  All  hypotheses  of  mechanisms  by  which  some  part  of  the  control 
system  itself  was  responsible  have  been  rejected  eifter  evaluation  of  the 
evidence. 
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APPElffilX  A 

OPERATION  MIMCLE  PIAY 
DIO)E  TUBE  EVENT 


Stunraary  of  Analytical  Considerations 


APPFSDZX  A 


OPERATIOH  MIRACLE  PLAY 
DIODE  TUBE  EVEST 

Sumaary  of  Analytical  Coosiderations 


This  appendix  describes  the  anciLytical  investigations  conducted  by  General 
American  Reseeurch  Division  of  General  American  Transportation  Corporation 
cmceming  the  DIODE  TUBE  Event  of  the  MIRACLE  PLAY  Series.  Included  are  the 
predictions  of  the  theoretical  pressure  waveforms,  the  theoretical  detonation 
parameters,  and  summaries  of  investigation  of  the  several  hypotheses  suggested 
to  accoimt  for  the  observed  seismic  behavior. 

The  DIODE  TUBE  Event  was  an  underground  detonable  gas  e^losion  conducted 
by  the  DASA  Field  Test  Conmiand  for  the  Advanced  Bese«u*ch  Projects  Agency 
(ARPA).  The  detonable  gas  mixture,  consisting  of  methane  and  oxygen,  was 
exploded  in  a  55-foot  radius  spherical  cavity,  whose  center  was  2700  feet 
below  the  ground  surface.  The  cavity  is  located  in  the  Tatum  Salt  Dome, 
near  Hattiesburg,  Mississippi,  and  was  created  by  a  nuclear  explosion, 
denoted  as  the  SALMDH  Event.  One  objective  of  DIODE  TUBE  was  to  match 
cercain  parameters  of  a  nuclear  event  (STERLING)  previoxisly  detonated  in 
the  same  cavity. 

Examination  of  the  seismic  records  obtained  from  this  detonation  reveal 
certain  anomalies.  Conparlson  of  data  from  the  DIODE  TUBE  end  STERLING 
Events  reveals  that,  althou^  the  wave  shape  of  the  STERLING  data  was  re¬ 
produced  in  the  DIODE  TUBE  Event,  at  least  for  the  long  range  recording 
stations,  the  anplltudes  of  the  DIODE  TUBE  signals  are  generally  lower  by 
rou^ly  seventy  percent.  On  this  basis  standard  decoupling  theory  predicts 
that  the  magnitudes  of  the  explosive  yield  of  DIODE  TUBE  should  be  less  than 
that  of  the  STERLING  Event  by  the  same  percentage. 

Several  significant  parameters  describe  and  characterize  the  detonation 
of  a  gas  mixture  or  of  a  nuclear  device.  Among  these  are  the  peak  reflected 
pressure  at  the  cavity  wall,  the  equilibrium  pressure  of  either  the  burnt, 
detonated  mixture  or  shocked  air  and  nuclear  debris  before  beat  losses  occur, 
the  initial  pressure,  the  difference  between  the  peak  reflected  pressure  ind 
the  initial  pressure,  the  total  energy  released  by  the  detonation,  the  size 
of  the  cavity  in  which  the  detonation  occurs,  and  the  periods  between  the 
successive  shock  reflections  at  the  cavity  wall.  These  last  two  parameters 
may  be  combined  and  eaqiressed  as  a  mean  long  time' oscillation  frequency  and 
the  mean  sound  velocity  in  the  heated  residual  gas  mixture. 

When  matching  of  nuclear  detonations  and  gas  detonations  is  attempted, 
no  more  than  two  of  the  listed  parameters  can  be  matched.  When  those  two 
are  selected,  the  ratios  of  the  remaining  terms  are  fixed.  Functional  relation¬ 
ships  among  the  various  detonation  parameters  exist,  since  the  physical  process 
and  its  ma'thematical  description  are  well  known.  The  DIODE  TUBE  and  STERLING 
Events  occurred  in  the  same  cavity,  so  that  the  matching  of  one  of  the  parameters, 
the  ca-vity  size,  is  iaposed.  The  second  parameter  selected  was  the  difference 
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between  the  equilibrium  pressure  and  the  initial  press'uv. 


The  DIODE  TUBE  Event  was  a  nominal  315-ton  {TffT  energy  equivalent)  gas 
explosion  with  its  parameters  chosen  so  that  the  difference  between  the 
equilibrium  pressure  and  tbe  initial  pressure  matched  that  of  the  STERLIHG 
Event,  a  380-ton  nucleeur  eiqjlosion  in  the  same  cavity.  Figiire  A-1  shows  the 
predictions  of  the  pressures  exerted  at  the  cavity  wail  for  these  two  events. 

The  gas  calculations  are  scaled  from  the  detonation  calculations  of  Ostrem 
and  Fugelso  for  the  specifle  case  of  a  nethane-oxy gen-air  mixture  with 
02/CHj^  =  l-97»  at  initiid  pressure' equal  to  15.8  atmospheres  including  the 
initial  volume  of  air  at  1  atmosphere.  The  detonation  presstuie  to  initial 
pressure  ratio  was  20  and  the  detonation  velocity  was  8250  ft /sec.  The 
nuclear  press'ore  profile  was  obtained  by  the  application  of  standard  cube 
root  scaling  to  Patterson's  cedculation^^^  of  a  100-ton  TNT  equivalent 
nuclear  detonation  in  a  lU. 5-meter  radius  cavity. 

The  theoretically  calculated  detcxiation  parameters  for  the  DIODE  TUBE 
detonations  are  presented  in  Table  A-i,  where  the  detonation  pressure,  peak 
reflected  pressiure,  equilibrium  pressvire  and  other  thermodynamic  quantities 
are  calculated  from  ihe  thermochemicai  analysis  described  by  Balcerzak  and 
Johnson  °  .  These  numbers  are  calculated  for  the  gas  mixture  actually  piped 
into  '■he  hole.  Three  sets  of  data  are  presented  since  the  pressure  of  the 
gas  in  the  cavity  is  known  fairly  precisely  but  the  -‘avity  volume  is  not. 

The  sets  correspond  to  the  mean  and  the  probable  extremes  of  the  cavity 
volxime. 

The  gsises  for  the  DIODE  TUBS  event  were  loaded  into  the  cavity,  oxygen 
first,  followed  by  the  me'thane.  The  drill  hole  was  sealed.  The  arming  de-vice 
for  the  down  hole  ignition  system  failed  and  the  detonator  proved  inoperative. 
The  mixture  was  ignited  by  applying  a  higji  voltage  current  across  the  ignition 
system,  causing  either  a  spark  to  Jump  the  arming  system  gap  or  to  bum  away 
the  insulation  of  the  electrical  leads.  This  emergency  ignition  system  did  pro¬ 
duce  a  detonation  someplace  within  the  cavity. 

Preliminary  examination  of  the  seismic  data  obtained  by  several  agencies 
(WES,  AFTAC(VSC),  USGS)  indicates  that  according  to  standard  decoupling  and 
seismic  wave  propagation  theory,  the  apparent  yield  produced  by  the  gas 
explosion  is  on  the  order  of  one-third  the  predicted  yield.  Figure  A-2 
shows  two  sets  of  comparable  seismic  records  for  the  DIODE  TUBE  and  STEEILING 
Events;  the  top  record  of  each  pair  being  that  of  the  STERLING  Event  and 
the  bottom  one  being  the  DIODE  TUBE  record.  These  particular  records  were 
taken  by  the  U.S.  Geological  Survey,  using  similar  inst^;Timentation  at 
distances  of  l6  and  28  kilometers  from  the  epicenter. '3/  iphe  shape  of  the 
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Pg  (GasJ 
Pj,  (Nuclear) 


_  Gas  (Og/CHi^)  =  2. 

P^  =  35.8  Atm.  (232  psi) 

Nuclear  (Scaled  from 
Patterson) 

Cavity  Radius  =  55  Ft. 

D  (Gas)  =  8250  Ft/Sec. 
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PREDICTION 


THEORETICAL  CALCULATIONS 


CAVITY  VOLUME  (FT^) 


650.000 

670.000 

690.000 

INITIAL  PRESSURE  (ATI4) 

15.8 

i5.lt 

IU.9 

DETONATION  PRESSLiRE  (PSI) 

6520 

5320 

6123 

PEAK  REFLECTED  PRESSURE  (PSI) 

16805 

16291 

15781 

EQUILIBRIUM  MINUS  INITIAL 

PRESSURE  (PSI) 

2389 

2338 

2240 

(BARS) 

165 

161 

154 

EQUILIBRIUM  PRESSURE  (PSi) 

2635 

2578 

2472 

(BARS) 

182 

178 

170 

MIXT'URE  RATIO; 

I«)LES  02/CH^ 

1.969 

1.970 

1.972 

ENERGY  RELEASED  (PT.LB. ) 

10.33  X  10" 

10.31  X 

10"  10.26  10" 

EQUIVALEIW  TNT  YIELD 

(TONS  OF  TNT) 

335 

33h 

333 

TABLE  A-1 

THEORETICAL  PREDICTIONS  FOR  GAS  DETONATION  OF 
OXYGEN  AliD  I>lETHAi^E  IN  DIODE  TUBE  EVENT 
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seisolc  Blgfit  .9  received  at  both  locatiocs  agree  in  mat  details  for  aoat 
of  the  period  covered  in  the  records.  Hie  asplitudes  of  these  aotious  are 
^proximately  in  the  ratios  of  3  to  1,  the  STEBLIHG  asplitudes  being 
larger.  (The  aoplitude  scale  on  the  graphs  xs  indicated  by  the  calibrati<xi 
si@xal  to  the  left. ) 

Because  of  extensive  modifications  in  the  dcwnhole  circid.ts  required 
to  cai»e  ignition,  all  source  icatrumentaticm  desigaed  to  measure  the 
initial  and  equilibrium  pressure  and  the  transient  explosive  pressure  in 
the  cavity  were  disconnected  prior  to  detcnaticm  to  prevent  damage  to 
secOTidary  equipment.  Ho  direct  verification  of  the  source  pressvn*es  during 
the  detonation  was  made.  Prior  experience  with  methane-oxygen  detonaticms 
obtained  in  the  operation  of  a  detonation  shock  tube  facility,  in  a  sonic 
boom  simulation  facility,  in  surface  ei^losiona  of  the  gas  sdxture  in 
ballocxis  and  in  a  preliminary  detonability  test  at  an  initial  pressure  of 
1^  atmospheres  indicate  that  the  expezdmental  pressure  in  tb-‘  cavity  should 
have  been  nearly  equal  to  that  predicted. 

Several  hypotheses  vere  made  to  explain  the  drastically  lover  seismic 
signals.  First,  some  of  the  gas  mixture  may  have  leaked  out  of  the  cavity, 
mainly  through  the  several  other  instrumentation  boles  near  the  cavity. 

These  other  holes  vere  plugged  and  sealed  prior  to  the  gas  fill;  however, 
the  plugs  could  have  failed.  Second,  detonation  anomalies  may  have  occurred 
as  small  amounts  of  vater  vapor  and  H-SOj^  vere  initially  present  In  the 
gas  mixture.  The  possibility  of  a  lover  order  detonation  preferentially 
occurring  at  the  actual  initial  mixture  conposition,  initial  temperature 
(70°C)  and  pressure  must  be  considered.  Ibird,  the  gas  mixture  could  have 
been  stratified  during  the  gas  loading  and  thus  an  incomplete  mixing  might 
have  occurred.  A  fourth  possibility  is  that  gross  errors  in  measuring  the 
gas  loading  could  have  been  made,  either  in  O2  or  CH4  systems  or  in  the  cavity 
pressure  and  temperature  mcnitoring  system.  A  fifth  hypothesis  is  that 
the  actual  ignition  point  of  the  detonation  took  place  at  a  point  other 
than  the  center  of  the  cavity.  The  final  hypothesis  notes  the  peak  reflected 
pressure  for  the  STEEUJING  Event  is  estimated  as  being  about  three  times 
that  of  the  gas  ejqplosion,  although  the  equilibrium  pressures  of  the  two 
explosions  are  about  the  same.  The  peak  reflected  pressures  for  both 
explosions  exceed  the  yield  strength  of  the  surrounding  medium.  Uhder  this 
condition,  the  seismic  effects  due  to  the  rapidly  decaying  spike  are 
normally  thought  to  be  attenuated,  this  attenuation  removing  all  effects  of 
the  spike  which  migh't  propagate  to  large  distances.  It  is  possible,  thou^, 
that  the  distant  seismic  signals  are  strongly  affected  by  the  spike  pressures, 
whose  effect,  in  cases  of  this  sort,  is  normally  neglected  because,  (l)  the 
spike  is  of  short  duration  and  the  resulting  "high  frequency”  component 
would  rapidly  be  attenuated  during  its  propagation  as  a  seismic  wave  and 
(2)  the  spike  pressure  causes  the  cavity  wall  to  yield  plastically  and  the 
wave  energy  would  be  absorbed  in  plastic  deformation  and  thus  no  appreciable 
signal  would  be  propagated.  Thus  the  last  conjecture  is  that  the  spike 
pressure  and  its  effects  are  not  so  rapidly  attenuated  and  that  the  seismic 
signal  is  in  some  manner  proportional  to  the  peak  pressure  of  the  detonation. 


Ot  the  several  hypottuses  ventured,  selection  and  veri  fl  cat^ion  c-f 
those  pertinent  to  this  problea  are  preclvtded  insufficient  e:q;>losive 
sources  data. 

GARD  has  exasdned  several  features  pertaining  to  these  nypo^bcses. 

These  analyses  are  given  belov.  The  od.xing  analysis  of  the  ssethane  and  oxyge;. 
in  the  sj^erieal  cavity  is  discussed  in  oetail  in  Appendix  F.  In  that  append:; ;k 
the  nixing  procedure  used  in  the  DIODE  TUBE  event  vas  predicted  to  be  inconp^et’. 
Only  a  third  of  the  voluae  uo’ild  be  sufficiently  mixed  to  be  considered  a  de- 
tonable  mixture. 

The  prediction  of  thermochemical  data  vas  made  under  the  a^ssumtions 
that  (l)  the  initial  and  final  states  of  the  explosive  mixture  can  be  re¬ 
presented  as  perfect  gases,  (2)  the  detonation  satisfies  the  Cbapman-Jouguet 
condition,  (3)  the  reactions  in  the  detonation  front  take  place  with  in¬ 
finitely  fast  rates,  (h)  the  burnt  gas  mixture  is  in  eqxiilibrium  at  the 
detonation  pressure  and  tenperature.  One  term  which  enters  into  the  calcula¬ 
tions  is  the  adiabatic  exponent.  The  detonation  pressure  is  approximately 
proportional  to  -  Ij  the  values  of  for  the  burnt  gas  mixture  therefore 
must  he  known  very  precisely.  Typical  values  of  for  the  hot  burnt  gas 
mixture  are  about  1.2  contrasted  to  values  about  l.U  for  the  Initial  mixture. 

The  computed  values  of  are  in  agreement  with  those  reported  by  Lewis  and 
Von  Elbe.'**'  E3q)erimental  determination  of  the  detonation  pressure  has  been 
made  for  several  of  these  gas  mixt,ures  at  initial  pressures  up  to  5  atmospheres 
in  GARD's  detonation  shock  tiibe  facility,  where  the  theoretical  and  eigoeri- 
mental  detonation  pressures  agreed  to  within  10^.  From  this  e:q>erience  it 
is  concluded  that  the  thermodieitdcal  calculations  as  presented  here  are  an 
accurate  prediction  for  the  detonation  of  the  uniform  gas  mixture. 

The  next  problem  investigated  by  GARD  was  the  accuracy  of  the  amoiait  of 
gas  actually  loaded  into  the  cavity.  The  gases  were  loaded  into  the  cavity 
from  a  gas  supply  at  the  sui'^face  throu^  a  downhole  assembly. 

Figure  A-3  presents  a  schematic  representation  of  the  downhole  assembly 
from  the  sliding  sleeve  valve  down  to  the  detonator  package.  The  diagram  to 
the  left  shows  the  gas  inlet  port  in  the  sleeve  valve,  the  cable  crossover, 
the  packer  seal  assembly,  the  packer,  and  the  6-5/8  inch  inner  casing.  The 
diagram  to  the  ri^t  shows  a  continuation  of  the  inner  casing,  the  ports  for 
gas  entry  into  the  cavity,  the  instrument  probe,  and  the  detonator  package. 

The  arrows  designate  the  path  of  gas  flow. 

When  gas  flow  into  the  cavity  is  conplete,  nitrogen  pressure  is  used 
to  shift  the  sliding  sleeve  closed.  Once  the  sliding  sleeve  has  closed, 
a  pressure  check  valve  in  addition  to  a  mechanical  latch  prevents  the  valve 
from  re-opening. 

The  instrumentation  cable  was  potted  into  the  crossover  assembly  using 
high  strength  epoxy.  This  was  done  to  form  a  seal  around  the  cable  to  with¬ 
stand  the  hi^  temperature,  hi^  pressure  cavity  gases  following  the  detona¬ 
tion.  The  cable  was  potted  for  some  distance  into  the  crossover  assembly  and 
additional  potting  was  poured  onto  the  top  of  the  crossover. 
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The  packer  seal  asse^ly  md  packer  are  production  iteoB  nanufactured 
\jy  Baker  Oil  Tools,  Inc.  The  packer  seals  a^nst  the  existing  9-3/8  inch 
outer  casing  with  a  hard  Buna  S  seal.  The  packer  seal  aeseatily^  latches 
into  the  top  of  the  packer  and  seals  using  nolded  chevrons. 

The  inner  casing  extends  for  a  distance  of  approximately  125  feet  to 
the  rop  of  the  instrumentation  probe.  Five  feet  above  the  probe  are  gas 
entzy  slots  uhicb  permit  flov  of  gas  into  the  cavity.  As  noted,  these 
slots  are  1/2  iiich  x  12  inches  and  are  12  in  nuidier  (4  slot?  per  ran,  3 
rows). 


The  instiouaentation  probe  contains  the  source  verification  pressure 
transducers  and  the  thermocouple.  Suspended  from  the  probe  xs  ths  detonator 
package  containing  the  gas  fill  pressure  transducer,  the  firing  circuit 
boards,  and  the  3  detonators.  The  detonesor  pcu,kage  hangs  some  40  feet 
belcw  the  instrumentation  probe,  near  tht;  c;  ter  of  the  cavity  (working 
point  at  2700  feet  below  grade). 

The  gas  was  loaded  into  the  cavity  with  the  oxygen  going  into  the  cavity 
first,  followed  by  the  methane.  Figure  A-U  shows  the  time  history  of  gas 
volume  added  to  the  cavity.  Significant  dianges  during  the  gas  fill,  such 
as  the  start  blme  of  the  methane  fill  are  indicated.  The  ozygen  and  nitrogen 
were  brought  to  the  site  in  tanks  in  the  liquid  form,  \diile  the  methane  was 
brou^t  to  the  site  via  pipelina  from  the  Iblted  Gas  Company  main  line. 

The  nitrogen  and  o:ygen  are  almost  cospletely  pure.  Table  A-2  presents 
the  chemical  analysis  of  the  natural  gas  as  received  from  the  United  Gas 
Conpany. 


TABLE  A-2 

AKALYSIS  OF  THE  NATURAL  GAS 


GAS 

%  BY  VOLUME 

Methane 

96.11 

Nitrogen 

1.66 

Carbon  Dioxide 

1.13 

Ethane 

0.33 

Propane 

0.29 

Isobutane 

0.10 

Normal  Butane 

0.11+ 
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GAS  QUANTITY  ADDED  TO  '.lAVilY-MN'iJCf' 


Ini*^.ial  Cavity  Pressure  -  1^.6  psia 

Cavity  Temperature  «  60*C  =  li»0*F 

St.'indard  Cu.  Ft.  Measured 
at  l4,V  psia  and  YO"C 
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CH.  Fill 

4 
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31^  Purge 


Start  of 
0^  Fill 


N-  Purge 


End  of 
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Figiire  A-it. 

GAS  LOADING  HISTORY 

GAS  S  BY  VJUJME 

Ojyeen  NIL 

Others  0.24 

Specific  gravity  i  lU.73  psia  =  0.5873 

Line  teagperature  =  78  deg.  F 


The  neasured  volune  cf  gas  pumped  into  the  cavity  was  8.^^^  million 
standard  cubic  feet,  cf  which  5.6  million  standard  ctibic  feet  were  oxygen. 

The  oxygoi  fill  was  completed  in  51  hours  and  20  minutes  and  the  natural 
gas  fill  took  21  hours  and  U5  minutes.  IVo  methods  were  used  to  measure 
the  volume  of  the  gas  added  to  the  cavity.  First,  the  flow  rate  was 
approximately  measured;  second,  the  cavity  pressure  was  recorded  and  this 
pressure  together  with  the  measured  cavity  temperature  and  estimated  cavity 
vol\ime,  gave  a  measure  of  the  gas  volume.  The  pressure  transducers  in 
the  cavity  failed  during  the  latter  part  of  the  oxygen  fill,  after  which 
time  the  pressures  were  monitored  by  transducers  near  the  wellhead. 

Figtire  A-5  presents  actual  test  data  taken  during  oxygen  and  natural 
gas  fill.  During  this  period  cavity  temperature  remained  relatively  stable. 
The  resultant  curv3  faired  throxi^  the  data  points  is  a  straight  line, 

^diich  indicates  t)iat  little  or  no  cavity  leakage  of  gas  occurred  during 
fill.  The  natur‘.j.  gas  volumes  obtained  from  the  supplier  were  corrected 
to  the  standard  conditions  of  1^.7  psia  and  70  deg.  F. 

Figxure  A-6  presents  accuracies  of  the  various  systems  used  in  computing 
the  volume  of  gas  which  has  entei  ^d  the  cavity.  The  line  labelled  Pressure 
Monitoring  Includes  the  accuracy  of  the  gas  fill  pressure  transducer,  gas 
fill  pressure  meter,  end  gas  fill  pressure  transducer  calibration.  Based 
on  these  estimates, ^the  pressure  monitoring  system  is  stated  as  being 
accurate  to  within  -  4  percent  of  full  scale. 

The  center  line,  which  shows  the  accuracy  of  the  actual  gas  loading 
systems,  incl\ide8  the  following;  during  oxygen  fill,  either  the  liquid 
level  gauges  or  the  liquid  wei^t  was  used  to  compute  volume.  If  the  level 
gauges  were  used,  the  accuracy  is  estimated  to  be  about  *  3  percent.  If 
the  gauge  was  inoperable,  the  wei^t  of  the  liquid  oxygen  in  the  tanker 
excluding  the  amount  left  in  the  tanker  (estimated)  was  used  to  obtain  a 
volume.  The  accuracy  of  this  method,  including  the  truck  scales  and  quantity 
remaining  estimate  is  about  2.5  percent.  During  natural  gas  fill,  a 
meter  certified  accurate  to  within  2  percent  was  used  to  obtain  gas  volume. 
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CAVITY  PRESSUBE-psia 


GAS  QUANTITY  ADDED  TO  CAVITY-MMSCF 


Figure  A-5.  CAVITY  PRESSURE  HISTORY 
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Figure  A-6.  LOADING  SYSTEM  ACCURACY 


'll?;  bottoB  line,  which  shows  the  accuracy  of  the  tenqperature  monitoring 
system,  includes  the  swcuracy  of  the  thermocouple  anjilifier  and  the  thermo¬ 
couple  calibration.  Accuracy  is  better  than  2  percent  of  full  scale. 

Figure  A-7  shows  the  ii!5)rovement  in  the  solution  to  the  cavity  volume 
as  gas  fill  proceeds.  The  data  appears  to  finally  oscillate  about  a  volume 
of  660, OCO  feet. 

Formula  xised  to  calculate  cavity  volume  is  derived  from  the  perfect 
gas  law.  Cavity  volume  calculations  were  made  following  the  unloading  of  eadi 
tanker  of  o^^gen  and  at  two  selected  times  during  natural  gas  fill. 

In  the  absence  of  diagiostic  information  on  the  detonation,  it  is 
necessary  to  rely  on  data  obtained  during  gas  filling  and  some  deductions 
using  previous  experience  to  ascei’tain  that  a  detonation  of  the  predicted 
yield  actually  occurred. 

It  has  been  verified  that  5.6  x  10^  SCF  of  oxygen  and  2.8k  x  10^  SCF 
(standard  condition,  70  deg.  F  and  14.7  psia)  were  added  to  the  cavity. 

This  is  an  oxygen-to-fuel  ratio  of  1.97  (by  volume).  The  amomt  of  oxygen 
initially  in  the  cavity  prior  to  geis  loading  (about  O.13  x  10°  SCF)  does 
not  significantly  alter  this  ratio. 

It  has  been  reported  in  the  literature  that  detonation  will  occur 

for  1.5  O2/CH4  3.0.  GARD  experimental  evidence  shows  a  slightly  broader 
range  for  detonation:  1.25  O2/CH2J  3.5.  It  should  be  noted  that  the 
flammability  limits  are  considerably  broader.  The  stated  mixture  ratio 
dees,  however,  insure  a  cetonation  once  ignition  has  been  established  in 
the  gas  mixtiure. 

The  detonability  limits  for  methane  and  oxygen  mixtures  are  1.25 
02/CH^  3.5  and  the  flammability  limits  are  0.65  02/CH^  I8.  Using  the 

filling  rates  for  Og  as  150,000  SCF/Hr  and  for  methane  as  130,000 -SCF/ Hr, 
and  using -the  total  volumes  of  O2  and  CHj|  to  be  added  as  5.6  x  10®  SCF  and 
2.84  X  10®  SCF,  we  find  that  it  takes  12.3  hrs  of  methane  fill  to  reach 
detonability  limits,  if  all  the  oxygen  is  added  first.  The  flammability 
limit  of  the  mixture  is  reached  after  2.3  hours  of  methane  fill. 

It  is  possible  that  some  water  vapor  was  present  in  the  cavity  prior 
to  detonation.  Since  the  saturation  piessure  for  water  vapor  is  only 
2.2  psia  at  138  deg.  F  (the  equilibrium  temperature  of  the  gas  mixture 
prior  to  detonation),  the  detonable  mixture  could  only  contain  less  than 
one  percent  (by  volvune)  water  vapor.  This  amount  could  have  only  a  neg¬ 
ligible  effect  on  the  detonation. (4) 

Because  the  oxygen  and  methane  were  delivered  to  the  cavity  separately, 
the  quality  of  the  resultant  mixture  must  be  considered.  The  gas  velocity 
entering  the  cavity  was  about  72  fps  (calculated  from  delivery  rate).  This 
results  in  Reynold's  numbers  greater  than  275,000  for  oxygen  and  l40,000  for 
methane.  The  probability  of  turbulent  mixing  is  therefore  high.  Experience 
during  DISTANT  PLAIN  with  the  20-ton  hemisphere  e:q>losion  indicated  no 


Initial  Cavity  Pressure  =  15.6  psia 
Initial  Cavity  Temperature  •-  60“C  =  lUo“F 

& 

Standard  Cu.  Ft.  Measured  at  lU.7  psia  and  70“F 
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Figure  A-7.  CALCULATED  CAVITY  VOLUME 


diffioilty  with  gas  nixing.  In  that  e^rinent,  oxyesa  vas  also  loaded 
first  and  the  fuel  (prcq^ane)  last.  Ibe  locUdng  rates  vere  lover  and  the  hold  be« 
tveen  fill  completion  and  detcmaticm  vas  only  about  one  hour.  Data  fron  that 
experiment  confirms  that  the  predicted  y^.eld  was  obtained.  Extrapolation 
of  that  experience  to  DIODE  TUBE  gives  good  evidence  to  e^ct  that  proper 
mixing  took  place.  Once  mixing  is  coaplete,  the  possibility  of  stratification 
due  to  gravity  is  lev. 

The  process  of  mixing  of  Kvi  nsthene-oxygen,  besides  being  tine  dependent 
in  this  case,  involves  laoleculeu*  dlffiiaion,  thermal  diffusiem,  and  turbulent 
flow.  A  complete  analysis  of  the  turbulent  mixing  vas  done  at  a  later  tine 
and  is  presented  in  Appendix  F. 

Because  the  methane  and  oxygen  were  loauled  into  the  cavity  as  separate 
isiits,  the  concentrations  of  the  component  gases  initially  would  vary  widely 
over  the  cavity.  This  state  gives  rise  to  the  molecular  diffusitm  process 
wherein  mass  transport  results  from  a  difference  in  a  chemical  potential  in 
the  mixture.  Ihe  diffusion  coefficient,  ^7)  the  proportionality  constant 
between  the  diffusion  flux  and  the  gradient  of  the  potential  causing 
diffusion,  in  a  blnaiy  gas  system  can  be  estimated  by 

0.001358  (Mj^  +  Mg)  / 


P 

*^12  D 


for  equimolar  mi  -tures.  There  T  is  the  absolute  temperature  {^),  M  and 
Mg  are  the  molecular  weights  of  the  component  gases,  P  is  the  absolute 
pressure  in  atmosiberes  and  12  is  the  molecular  force  coistant  while 
is  the  collision  integral.  Ihese  last  two  quantities  are  given  in  tables 
by  Reid  and  Sherwood.-  The  above  expression,  valid  up  to  about  20  atmospheres 
pressure,  shows  that  the  diffusion  rate  is  inversely  proportional  to  the 
pressure. 

The  diffusion  coefficient  for  the  methane-oxygen  mixture  at  5  atmospheres 
initial  pressure,  is  sufficiently  low,  if  the  gases  are  conpletely  separated, 
to  preclude  significant  mixing  by  molecular  diffusion  in  a  weeks  time. 

In  addition  to  the  molecular  diffusion  process,  the  method  of  gas 
loading  provided  another  mixing  mechanism.  The  flow  energy  possessed  by 
the  incoming  methane  is  sufficient  to  allow  the  methane  to  penetrate  a 
significant  distance  into  the  cavity.  For  a  flow  rate  of  about  130,000 
cubic  feet  per  hour  through  a  6-inch  diameter  pipe,  the  jet  formed  by  the 
incoming  methane  reaches  a  diameter  of  about  25  feet  (about  25  percent  of 
the  cavity  diameter)  at  the  cavity  midpoint.  The  induced  flow  at /this 
position  is  calculated  to  be  about  3  million  cubic  feet  per  hour. 

Thirdly,  the  inlet  temperature  of  the  gases  was  on  the  order  of  60°  F, 
about  80°F  less  than  the  cavity  wall  tei-perature.  Because  of  the  large  sur¬ 
face  area  involved,  thermal  gradients  may  play  a  significant  role  in  mixing. 
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The  absence  of  a  coapletely  hoaogeneoua  mixture  throu/^out  the  cavity  may 
not  seriously  impede  the  detonation  process.  The  quantities  of  methane  cjid 
oxygen  injected  into  the  cavity  yield  an  o^gen-toooethane  mole  ratio  of 
subtly  under  2.0.  A  rarlation  of  this  ratio  from  1.5  to  2.5  causes  a  corres¬ 
ponding  three  perceat  variation  in  the  energy  releases  and  a  five  percent 
varlatioQ  in  the  detonation  pressure.  Detonation  vi.ll  occur  at  15  atmospheres 
initial  pressure  for  mixtures  vithin  these  cosposition  limits. 

From  the  analysis  of  turbulent  mixing  presented  in  Appendix  it  is  concluded 
that  turbulent  mixing  is  the  dominant  mechanism.  Inconqtlete  mixing  is  noted 
^en  orgrgen  is  added  first  and  methane  second,  vhile  almost  conplete  mixing 
is  obtained  vhen  the  loading  sequence  is  reversed.  In  the  former  case,  ^ich 
vas  the  procedure  used  in  the  DIODE  TUBE  approximately  one- third  of  the  mixture 
is  vithin  the  detcmable  limits,  vlth  a  liyer  of  pure  methane  on  top  and  a 
layer  of  pure  orygen  on  the  bottom. 

Tte  reaction  rate  of  oxygen  and  methane  at  130  deg.  F  and  215  psia  is 
so  lov'^/  that  no  measurable  reaction  could  take  place  vithin  one  veek 
(the  tine  betveen  termination  of  gas  loading  and  detonation). 

Uhen  the  DIODE  TUBE  cavity  vas  re-entexed,  the  pressure  in  the  cavity 
vas  ^tproximately  l6l  psla  (Lt..  Col.  Davis,  Personal  Communication,  Lt.  Col. 

Reign,  Perscxial  Cosmtunlcation).  The  residual  gas  mixture  in  ihe  hole  vas  removed 
at  a  rate  of  300  scm  and  processed  throu^  a  filtering  plant  vhere  the  gas 
mixture  is  analyzed.  A  typical  analysis  of  the  gas  conposition  vas  78%  CO2, 

0.5!^  CO,  O2,  the  percentages  by  volume.  Water,  in  the  liquid  form,  vas 
being  removed  from  the  cavity  at  a  rate  of  ^0  galAir.  The  variation  of  the 
gas  mixture  ratios  vas  CO:  77%  -  80%,  CO:  -  0.8>K,  0:  2,h%  -  The 

pressure  at  the  vellhead  vas  58  psla  and  the  teoperatu3re  of  the  gas  mixture 
vas  5l»®C  *  317®K.  The  tenperature  in  the  cavily  is  slightly  higher  than  5^°C. 

No  Initial  re-entry  tenperature  data  vas  taken. 

The  coiiposlti<ni  of  the  analyzed  residual  gas  mixture  is  quite  diffearent 
from  the  burnt  gas  mixture  anticipated  at  the  detonation  front.  A  short 
analysis  of  the  anticipated  gas  mixture  follows.  The  initial  mixture  is  air, 
methane  and  oxygen,  including  one  volume  of  air  at  one  atmosphere  pressure 
and  a  sufficient  volume  of  methane  and  oxygen  to  bring  the  total  mixture 
pressure  to  I5. 8  atmospheres  (for  a  cavi.ty  volume  -  650,000  cu.  ft.).  The 
initial  tenperature  of  the  gas  mixture  was  taken  to  be  330®K  =  60°C,  which 
is  the  ambient  tenperature  of  the  cavity.  The  molar  methane-to-oxygen 
ratio  of  the  total  mixture  vas  O.508  and  the  mole  fraction  of  air  vas 
0.0765.  When  this  mixture  was  detonated  the  detonation  pressure  vas  calculated 
to  be  6520  psi  (  =  Uh  atm)  the  detonation  tenperature  being  U270°K.  This 
pressu’-e  and  tenperature  combination  occur  at  the  detonation  front.  The 
thermochemical  analysis  assumes  that  the  burnt  gas  mixture  is  in  equilibrium 
behind  the  detonation  fromt.  Table  A-3  gives  the  conposition  of  the  mixture 
at  the  detonation  conditions. 
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TABLE  A-3 


iUILIBBIUM  00MP08ITI0B  OF  BUBIT  GAS  AT 


UUl*  T  »  U270°K 


Mole  Fraction 

«2 

0.0709 

»2 

O.OUllt 

<^2 

0.1009 

CO 

0.1581 

H2O 

0.3767 

CH^ 

0.000 

°2 

Mole  Fraction 

0.0628 

OH 

0.1096 

NO 

0.0179 

H 

0.0315 

0 

0.0302 

1.0000 

When  the  detonation  wave  and  its  siibse^uent  reflected  shocks  have  died  down, 
but  before  any  heat  bas  been  conducted  away  from  the  cavity,  the  pressure 
of  the  burnt  gas  nixture  is  cqn>raxiBately  0.U2  >  (O.U2)  x  (6^20)  psi  » 

2750  psi  («  187  atm).  If  the  oixture  coiqposltlon  is  frozen  at  that  of  the 
detonation  conposltlon,  the  tenqperature  in  the  gas  mixture  can  be  estimated 
by  the  perfect  gas  law.  In  1  ctiblc  foot  there  are  0.0U33  lb-moles  of  hii^ 
teinperat\ire  detonatlm  products.  Thus 


T 


£ 


V 

NR 


(0.0l*3  Moles)  X  (10.73  psi-ft^/°R-lb  Mole) 


=  3280°K 


This  teo^erature  is  some\diat  lover  than  the  detonation  tenperatiire ,  but  veil 
above  the  anbient.  The  temperature  in  the  cavity  is  reduced  to  ambient 
temperature  in  less  than  U8  hrs,  if  the  initial  teo^rature  in  the  cavity 
is  of  the  order  of  U000®K.  Since  the  DIODE  TUBE  cavity  had  much  longer  to 
cool  before  re-entiy  took  place,  we  may  assume  that  the  temperature  of  the 
cavity  was  reduced  to  aidbient  conditions,  i.e.,  the  final  tesperature  of 
the  gas  mixture  should  be  about  60°C. 


Two  significant  changes  in  the  gas  mixture  will  occior  if  the  tenperature 
is  dropped  from  l*270OK  to  3U0°K.  First,  the  composition  of  the  equilibrium 
mixture  will  change  drasticsdly  as  the  temperature  is  lowered.  Second,  any 
water  vapor  present  will  condense.  Let  us  examine  the  first  change,  ihe 
equilibrium  reactions  affected  most  by  the  drop  in  temperature  from  U270°  to, 
say,  373°K  are 

2H  HgO 
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At  T  a  4270^K  the  eqixllibrium  coii|>o8ition  favors  the  left  band  side  of  these 
reactions.  For  teagperatures  below  2300^  the  equilibrium  strongly  favors 
the  rit^t  hand  side.  For  low  tes^ratures  then  all  the  atofidc  H,  0  and  OH 
dis^i^ar,  as  does  the  CO,  if  sufficient  oxygen  is  available.  Ihxis  for  the 
indicated  coigposition  at  it270*’K,  the  equilibrium  coiq>osition  at  T  3 
is  ^roxinately  given  in  Table  it-h.  The  iqpproximate  con^sition  is  co]iq>uted 
by  eliminating  0,  H,  HO,  and  OH  from  the  coiqposition  and  replacing  them  by 
their  respective  products.  One  mole  of  mixture  at  4270^K  becomes  C.  79  mole 
at  373°K. 


TABLE  A-h 

APPROXIMATE  EQUILIBRIUM  COMPOSITIOM  AT  T=373°K 
Mole/Mole  at  h270^  Mole  Fraction 


«2 

0.016 

0.020 

«2 

0.050 

0.063 

CO2 

0.269 

0.3k2 

CO 

0.000 

0.000 

«2° 

O.U7 

0.566 

CHj^ 

0.000 

0.000 

°2 

0.007 

0.009 

OH 

0.000 

0.000 

NO 

0.000 

0.000 

0 

0.000 

0.000 

0.789  moles /mole 

1.000 

The  pressure  of  the  gas  mixture  has  dropped  due  to  constant  volume 
cooling  and  due  to  the  change  in  the  number  of  moles  present.  From  the 
perfect  gas  law  at  T  =  3280°K 


1  mole  (3280°K)  R  (psi-ft^/mole°K) 
Vn  (ft^) 


=  27^0  psi 


Vn  =  Volume  of  1  mole. 


Wow  3T3°K  is  the  boiling  point  of  H2O  at  a  total  pressure  of  1  atm.  At 
total  pressure  of  the  order  of  17  atm,  the  boiling  point  is  210°C.  The 
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partial  pressure  of  the  resultant  gar  taken  froa  T  «  I»2?0^K  or  T  «  333^ 
is  independent  of  the  boiling  point  of  the  vater.  More  precision  ab<»it 
noting  vfaere  the  vater  vi^or  condensed  could  be  aade  but  it  vould  have 
made  no  difference  in  the  final  pressure  calculated.  For  calculation 
purposes  then,  it  is  assuaed  that  the  vater  vapor  condenses  at  373°K. 

The  pressure,  of  the  gas  adxture  at  T  >  373^  is  calculated 

sindlarly  to  the  pressm  at  T  3280^K. 


(0.79  mole)  (373pK)  R  (psi-ft^/aiole  °K) 
Vn  (ft^) 


From  the  two  previous  relations 

^373  -  p.i  .  p.i 

At  T  373^,  the  vater  -vaf^or  vlll  condense ,  and  with  the  assuoption  that  the 
liquid  volume  is  ne^iglble,  the  gas  pressiire  vlll  be  further  reduced,  since 
56, k%  of  the  gas  mixture  is  vater  vapor 


*  2l»6  X  .U36  +  vapor  pressxire  of  H^O 

*  117  psi  +  P„  0  =  (117  +  15)  psi  »  132  psi 

Further  cooling  to  6oOC  »  333°K  yields  final  gas  pressure  105  psi.  The  vapor 
pressure  is  3  psi  thus 

Pp  =  108  psi 

The  residual  gas  mixture  is  k.6%  H^,  lk.^%  N^,  78°  B%  (X)-,  and  2.l!t  Op. 

A  more  precise  ccsputation  of  the  mixture  vould  possibly  yield  smull  amounts 
of  CO. 

The  total  process  of  the  detonation  and  cooling  that  ve  have  considered 
is: 

Initial  reagents  (P_,  T  ,  n  )  Detonation 

000  ■  I-  .  .  ■  II 

Products  behind  detonation  front  (P^^,  T^^,  n^^)  Expansion  to  Equilibri^yt 

Detonation  products  (Pg  =  .42  P,  Tg,  n^)  Cooling  at  constant  voluiig 

by  conduction  of  heat  ^ 

Detonation  products  n^)  Reverse  reaction 

Final  products  including  water  373°K,  n^)  Coolir^p 

Final  state  (P„,  333°K,  n„) 

£f  r 
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A  final  pressure  of  108  psi  at  T  s  5oo  confuted  coispared  with  l6l  psi 
measured.  If  T  »  lOO^C  tiie  coqputed  pressiu^  is  132  psi.  The  neglected 
heats  should  raise  the  calculated  pressures  slightly.  If  the  confutation 
is  valid,  this  indicates  that  no  gas  has  heen  lost  from  the  cavity  by 
leakage.  Ihe  predicted  compositions  of  the  outfloving  gas  agree  vexy  well. 

Certain  aspects  of  explosions  in  siherical  cavities  and  their  relation¬ 
ships  to  the  propagation  of  elastic  vaves  in  the  surrounding  medium  were 
reviewed,  first,  the  blast  source  was  characterized  by  the  several  para¬ 
meters  tiiat  would  influence  elastic  wave  propagation.  Second,  a  review  of 
the  spherically  syanetric  elastic  wave  solution  conparing  a  step  load  and  a 
nuclear  explosion  illustrated  typical  qualitative  differences  in  wavefoirms 
tiiat  night  be  exqpected.  Third,  a  brief  conparison  cf  wavefoirms  between 
symmetric  and  asymmetilc  detonation  initiation  demonstrated  the  qualitative 
diffsi^ce  that  would  be  expected. 

Ihe  seismic  records  exqpecced  firom  this  type  of  loading  axre  expected  to 
be  quite  sensitive  to  the  choice  of  the  matched  pax'ametez^s.  When  the 
diffez^nce  between  the  equilibrium  and  initial  pressuire  is  matched,  the 
finail  displaceisent  should  agree  closely.  Also,  the  lower  frequency  com¬ 
ponents  of  the  moticsi  should  show  agreement.  Ey  low  frequency  conponents, 
it  is  meant  those  Fourier  conponents  with  wave  lengths  long  conpared  to  the 
cavity  radius.  For  this  chosen  matching,  the  peak  reflected  pressure  due 
to  the  nuclear  blast  is  larger  than  that  expected  for  the  gas  detonation; 
the  peak  nvuxlear  pressure  is  a  function  of  the  initial  air  density  in  the 
cavity.  STERLING  Event  peak  pressure  exqpected  was  approxdmately  three  times 
that  exqpected  in  the  DIODE  TUBE  Event.  The  mean  period  between  successive 
reflections  for  the  nuclear  shot  considered  here  is  irou^ly  2/5  that  of  the 
gas  detonation.  The  transient  early  phases  of  the  motion  and  the  oscillatory 
part  of  the  wave  (which  has  a  high  frequency  by  the  previous  standard) 
detexrmine  the  hi^  frequency  conponents.  These  hi|h  frequency  conponents 
are  noimally  noticed  in  the  early  phases  of  the  wave  train  that  would  be 
obseirved  at  some  point  in  the  elastic  medium. 

(2 ) 

This  point  is  illustrated  by  a  conpxxtation  of  Patterson  wherein 

tixe  elastic  motion  at  the  wall  of  a  spherical  cavity  in  response  to  a 
nuclear  pressure  pulse  was  conpared  to  the  response  generated  by  a  step 
pulse  with  the  same  equilibrium  pressure.  (See  Figure  A-8. )  The  presence 
of  the  txransient  spike  and  subsequent  pressure  oscillations  induces  high 
frequency  conponents  superinposed  on  the  response  to  the  step  pulse.  For 
very  small  times  after  the  signal  ax:Tival,  the  spike  response  is  large 
conpared  to  the  step  response.  At  times  larger  thaix  the  initial  spike 
decay  time,  the  step  response  is  dominant,  although  a  small  oscillatory 
conponent  remains. 

The  firing  circuits  downhole  also  failed  prior  to  ignition,  presumably 
due  to  the  cavity  environment.  The  detonation  was  effected  by  inposing  a 
high  voltage  across  the  detonator  circuit  leads,  after  about  one  minute  of 
application  of  about  2000  volts,  detonation  occurred.  This  voltage  induced 
current  flow  somewhere  in  the  cavity.  The  two  most  probable  locations  for 
this  detonation  point  are  at  the  original  detonator  or  at  the  instrumentation 
package  near  the  top  of  the  cavity. 
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PEAK  PRESSURE  (SPIKE)  DETEEMIMES 

PEAK  ACCELERATICH 
HIGH  FREQUENCY  C(»IP0NEII1S 

BQUILIBIRUM  PRESSURE  DETERMINES 

FINAL  DISPLACEMENTS 
MW  FREQUENCY  COMPONENTS 


Figure  A-8.  SCHEMATIC  RESPONSE  TO  CAVITY  PRESSURE 
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Possible  variations  of  positioning  of  the  detonator  in  the  spherical 
cavity  leads  to  p(»sible  variations  of  the  seismic  soiurce.  Two  cases »  first « 
the  normal  position  of  the  detonator  being  at  the  center  of  the  cavity  and 
second,  the  detonator  being  at  the  edge  of  the  cavity  directly  over  the 
center  are  considered.  Ctua^itatlvely  exffiuining  the  types  of  load  distri¬ 
butions  obtained  on  the  cavity  vail  and  for  the  specific  gas  and  cavity 
materials,  some  comments  <m  the  nature  of  the  seismic  phenomenon  inititated 
can  be  made. 


Si^rically  symmetric  placing  of  the  detonator  generates  one  elastic 
wave,  and  a  P  wave  idiich  propagates  symmetrically.  The  magnitude  of  the 
peah  driving  pressure  is  2.6  Pn.  A  symmetric  detonation,  typified  by 
detonation  at  the  top,  yields  both  P  and  S  vaves.  The  strength  of  the 
peak  pressure  at  the  cavity  vcdl  is,  in  general,  sigaificantly  lover  than 
those  esqpected  in  the  spherical  case. 


First,  let  us  examine  the  sphericfil  detonation  case.  After  initiation, 
a  spherical  vave  of  constant  velocily  and  strength  propagates  outward.  Uhen 
this  detonation  vave  reflects  from  the  wall,  a  converging  shock  vave  is 
initiated.  This  imploding  shock  wave  converges  on  a  point,  interacts  with 
itself  and  continues  as  a  diverging  shock  vave  until  it  ag^n  strikes  the 
exterior  vail,  tdiere  x^on  another  convergent  shock  vave  is  generated.  The 
press'ore  profile  at  any  point  is  a  repetition  of  a  spike  decay.  The  pressure 
on  the  first  spike  is  roujh^  2.6  times  the  detonation  pressure,  subsequent 
spikes  are  smaller  ly  ft  factor  of  2  and  the  mean  pressure  is  on  the  order  of 
0.U2  times  the  detonation  pressure.  (See  Figure  A-9.)  This  pressure 
generates  one  spherical  elastic  vave  of  the  primary  type  (P-vave). 


Now  consider  the  detonator  positioned  at  the  top  of  the  cavity.  The 
detonation  vave  again  propagates  spherically  and  at  constant  strength  and 
velocity.  Figure  A-10  shows  several  steps  in  the  evolution  of  the  detonation 
front  and  of  the  generated  elastic  vaves.  To  determine  the  nature  of  the 
emitted  elastic  vaves,  the  phase  velocity  of  the  detonation  front  of  the 
cavity  vail  and  its  peak  pressure  is  estimated.  The  trace  velocity  along 
the  cavity  vail  is 


V 


.  where  0  is  the  latitude 


measured  from  the  top.  The  instantaneous  angle  of  incidence  (on  a  regular 
reflection  and  small  anplitude  of  reflection  assusption,  i.e.,  no  Mach 
stem  tjipe  reflection)  is 


fC  » 

2  ”  2 

The  angle  of  incidence  increases  as  the  detonation  grows.  For  angles  of 
incidence  less  than  60°,  the  peak  reflected  pressure  is  almost  the  same  as 
the  incident  pressure  which,  in  this  instance  is  the  detonation  pressure. 

As  the  detonation  wave  progresses  from  its  initiation  point,  a  number 
of  elastic  waves  are  generated  in  the  surrounding  medium.  A  P  wave  is  sent 
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cEHTia  icairiCTi 


SHIERICALLY  SYMMETRIC  WAVEFORM 
P  WAVE  OHLY 

SOURCE  PRESSURE  PEAK  =  2.6  Pjj 


POSITION  OF  IGfNITION 


Figure  A-9.  ELASTIC  WAVE  PATTERN  RADIATED 
AFTER  CENTRAL  IGNITION 


AH’./MMKTRIC  VJAVE  f'ORNC  B-TTil  P  &  Z  WAVES 
P  WAVES  PROPAGATE  VERTICALLY 
S  WAVES  PROPAGATE  LATERALLY 


SOURCE  PRESSURE  PEAK 

Pjj  IN  TOP  2/3  OF  CAVITY 
2.6  Pjj  IN  BOTTCM  I/3  OF  CAVITY 


STRONG  FRONT 

WEAK  FRONT 

POSITION  OF  IGNITION 


Figure  A- 10.  GENERATION  OF  ELASTIC  WAVE  PATTERN 
RADIATED  AFTER  TOP-CENTER  IGNITION 
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vgwards.  As  the  detonation  sweeps  over  the  cavity  in  the  range  0°  £  ^  180° 

the  trace  velocity  is  transseismic,  since  D  fic  8250  fj>s,  C  for  salt*”i8 
ll*300  f^s  and  C  »  8h00  f^s.  The  cavity  pressure  becomes^siqperseiSBic  at 
^  110°.  For  the  transseismic  conditions  an  aj^reclaible  percentage  of 

seismic  energy  is  generated  as  a  shear  wave  with  a  veiy  sharp  front.  The  P 
wave  in  the  shadow  zone  from  the  detonating  points  is  rather  weak.  In  this 
region  of  maxlmur.  3hear  generation,  the  pressure  at  the  wadi  is  neaurly  the 
detonation  pressure.  As  the  detonation  wave  progresses  fuxther,  the  trace 
velocity  becomes  sv5)er8eismic  (  for  ^  >  110°)  and  the  pressure  at  the  wall 

becomes  larger  a:  reflection  conditions  approach  normad  reflection.  The 
interface  velocity  now  favors  the  generation  of  P  waves ,  and  since  the  source 
pressure  is  increased,  the  conclusion  is  that  significantly  larger  P  waves 
are  propagated  away  in  the  vertlccd  direction. 

We  thus  see  that  detonation  at  the  top  of  the  cavity  leauis  to  the 
redistribution  of  propagated  seismic  waves,  both  in  direction  and  in 
character. 


Conclusions  From  the  DIODE  TUBE  Event. 

Source  data  at  ignition  time  is  lacking  for  the  DIODE  TUBE  event  due  to 
failure  of  the  Ignition  system.  From  pre-shot  and  post-shot  data,  the  follow¬ 
ing  conclusions  are  warranted:  (l)  the  correct  portions  and  amounts  of  meth- 
and  and  oxygen  were  added  to  the  cavity,  (2)  no  appreciable  amount  of  gas  leaked 
from  the  cavity,  (3)  a  combustion,  detonation  or  a  combination  of  detonation 
and  compustion  occurred,  using  up  the  entire  initial  contents  of  the  cavity. 

Two  possible  sources  of  the  measured  lower  seismic  yield  are  (l)  an  off-center 
ignition  point  and  (2)  Incosplete  mixing. 

From  these  latter  two  points,  modifications  in  the  ignition  system  to 
ensure  center  detonation  and  in  the  gas  loading  sequence  to  ensure  complete 
mixing  were  recommended  for  the  HUMID  WATER  event. 
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HIBCO)  WATER  -  GAS  CALCUIATIOKS 


B-1  Ejcploglve  Yield  Predictions 

Following  is  an  es^losive  yield  prediction  for  the  HUMID  HATER  Event 
Based  on  the  final  cavity  conditions  after  filling  with  methane  and  oxygen. 

Initial  Conditions  -  The  initial  pressure  measured  at  the  wellhead 
prior  to  gas  loading  was  psia.  This  converts  to  a  cavity  pressure 
of  1^.9  psia  hy  compensating  for  a  2700-foot  gravity  head.  (See  paragraph 
B-2. )  The  initial  cavity  tesperature  was  measured  at  61*^0. 

It  is  assissed  that  prior  to  oxygen  purge,  the  cavity  contained  a  20%- 
oxygen  and  80]C-nitrogen  air  mixture  at  cavity  pressure  and  temperature. 
After  purging  with  139*000  SCF  of  oxygen^  the  cavity  atmosphere  contained 
216,997  SCF  oxygen  (3^t.5<)  and  1*12,51*6  SCF  nitrogen  (65.5JJ). 

The  following  amounts  of  gases  were  in  the  cavity  following  the 
filling  operation: 


initial  "air" 
nitrogen  purge 
added  oxygen 
methane 


629,5^*3  SCF 
75,000  SCF 
2,965.000  SCF 
4,561,000  SCF 


Total  Volume 


8,230.543  SCF 


Except  for  the  initial  "air"  volume  (which  is  calculated  based  on  initial 
cavity  pressure  and  temperature),  these  are  metered  volumes. 


It  is  assumed  that  at  ignition  time,  the  teoperature  of  this  gas 
mixture  was  6l®C  (the  initial  cavity  tenperature).  Based  on  this  tenpera- 
ture  and  the  total  gas  volume,  the  cavity  pressure  is  calculated  to  be 
208  psia  (i4.15  atm). 


The  mole  ratio  of  oxygen  to  methane  (based  on  total  oxygen  in  the 
cavity)  is  calculated  to  be  I.613.  Initial  gas  weight  is  277.5  tons. 


Thermocfaemiceil  Analysis  -  Computer  results  for  these  initial  conditions 
are  shown  in  Table  B-1.  The  equilibrium  pressure  minus  the  initial  pressure 
is  160  bars.  The  yield  is  csilculated  to  be  317.5  tons  (THT  energy  equivalent). 
Peak  reflected  pressure  is  15,500  psia  and  the  equilibrium  pressure  is 
2525  psia. 
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Table  B-1.  THERMOCHEMICAL  ANALYSIS  FOR  THE  DETONATION 
OF  OPERATION  MIRACLE  PLAY  -  HUMID  WATER 


I 


*  \ 


B-2  Wellhead  Pressure  Correction  for  Cavity  Pressure 

Equilibritm  equation  for  gas  colunn:  where  p  =  pressure, 

z  -  vertical  height  (ft.) 


dz 


-P 


m 


ft- 


AsstBBe: 


1}  perfect  gas  lav 
2}  uniform  tenperature 
3)  uniform  moisttire  in  column 


p  «  p  ~  T  =  pRT 


R 


dz  RT 


where:  R^  =  gas  constant 


M  =  molecular  weight 
T  =  degrees  Rankine 


Integration  from  center  of  cavity  to  wellhead: 


*^cav 

Consider  3  cases: 


^wh 


1)  Column  contains  air  at  lUo®F  (.20  0^  +  .80  R^) 


M 

= 

.2  X 

32  +  .8  X  28 

= 

28.8 

R 

= 

2O 

=  53.7 

cav 

= 

Pwh 

^  S3. 7  X  ( 

cav 

= 

1.088 

Pwh 

B-3 


2)  Colizsn  contains  methane  at  70°F 


M 

S 

16. 

R 

m 

=  96.5 

^cav 

s 

/  2700 

^9^.5  X  530^ 

^cav 

s 

1.055 

^wh 

Column 

contains  0^  at  50®F 

M 

s 

32 

R 

a 

15U5 

32 

=  U8.3 

^cav 

= 

Pvh 

^cav 

» 

1.116 

^wh 

APPENDIX  C 


CAVITY  DESCRIPTION 


C-1  General 


Figure  C-1  shows  the  general  representation  of  the  cavity  and  environs. 
The  cavity  walls  are  90-931  Sodium  Chloride,  with  Calcium  Sulfate  the 
principal  isgpurity.*  The  cavity  volume  is  about  660,000  cubic  feet,  as 
determined  GAUD,  and  slightly  pear  shaped  by  melt  and  debris  dropped 
frcB  the  top  to  partly  fill  the  bottom  (see  Appendix  A).  A  "chimney"  about 
the  area  where  the  casing  enters  the  cavity  has  been  left  by  previous 
explosions.  The  cavity  major  diameter  is  approximately  110  feet  with  the 
center  located  near  2700  feet  from  the  surface. 


C-2  Chemical  Analysis  of  Wellhead  Water  Samples 


Two  saoples  of  water  received  from  Isotopes,  Inc.,  a  Teledyne  Ccmipany, 
were  analyzed  for  chloride,  sulfate,  and  nitrate  ions  on  January  3>  1970. 
The  results  were: 


a.  bample  labeled  "wellhead 

Chloride  (Cl^) 
Sulfate  (S0.“) 
Nitrate  (WO  ”) 
pH  (acidityf  * 


1700  hrs ,  2-2U-69 ,  Process  HgO" : 

6.5  g/1 

3.8  g/1 

none 

2.6 


b.  Sample  labeled  "1300  hrs,  2-2^-69»  <*1  Waste  Tank": 


Chloride  (Ci”) 
Sulfate  (so.*) 
Nitrate  (NO^") 
pH  (acidityf 


lt8.6  g/1 
5.0  g/1 
none 
3.9 


These  samples,  although  quite  different  because  they  were  taken  before  and 
after  the  processing  plant,  indicate  a  highly  corrosive  atmosphere  within 
the  cavity. 


Significant  quantities  of  water  have  been  added  to  the  cavity  by 
variovis  methods,  including  the  residuals  from  the  DIODE  TUBE  detonation, 
resTolting  in  a  great  deal  more  moisture  than  previously  reported. Small 
quantities  of  water  have  been  added  by  milling  operations  during  the  DIODE 
TUBE  re-entry  and  perhaps  small  leaks  in  the  wellhead  casing  permitting 
entry  of  ground  water. 


*  Werth,  G.  and  P.  Randolph,  "The  SALMON  Seismic 
Geophysics  Research.  Vol.  71,  1966,  page  3^06. 


Experiment,"  Journal  of 
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C-3  Tenperature  Log  of  the  Cavity 


Figures  C-2a  through  C-2n  show  the  observed  tes^eratures  from  the 
original  log  of  the  cavity  and  ccusing  as  observed  via  thermocov^les  affixed 
to  a  centralizing  fixture  lovrered  slovly  through  the  casing  into  the 
cavity.  Significant  convection  occurs  vithin  the  cavity  in  its  natural 
state.  Television  legs  have  shown  that  gases  rise  up  the  ceislng  where 
they  are  cooled,  condensed,  and  return  bach  into  the  cavity.  These  con¬ 
vection  currents  probably  bias  the  temperature  log  down,  at  leeist  within 
the  cavity.  It  is  edso  probable  that  the  motion  of  the  thermocouple  results 
in  measurement  of  transient  ten^eratures  rather  than  steady  state.  This 
is  particularly  evident  in  the  slowly  rising  temperature  after  the  probe 
is  stopped  in  Figures  C-2m  and  C-2n. 

After  eiiQ>lacement  of  the  Instrumentation  string,  thus  largely  inhibiting 
the  natural  convection,  a  stabilization  ten^erature  was  observed  of  about 
72°C  near  the  top  of  the  cavity.  This  compares  to  the  6l°C  apparent  stabi¬ 
lization  temperature  observed  during  the  temperature  logging.  A  12  hour 
observation  of  the  temperature  decay  after  the  detonation  indicates  that 
cavity  temperatures  again  appear  to  converge,  while  cooling,  upon  the 
higher  tenperature  (72°G  -  see  Section  5). 
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Figure  C-2b. 
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Figure  C-2c. 
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Figure  C-2J 
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Figvare  C-2k. 
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BUMIl)  VAHSR  EMFLMSmST  FROGSiM 


IVl.  NoYe  in  and  stew  clean  rig. 

l^‘2.  NcbUize  rig  over  hole.  Test  hlowout  preventer  in  accordance  vith 
•proved  procedure.  Rig  iq?  logger  and  run  ten^rature  log. 

IV-3.  Pick  up  7-3A"  aandrel,  one  Joint  of  l|-l/2"  drill  pipe,  casing 
scraper,  and  two  vire  brushes.  Run  acsesmly  on  2>3/8"  tubing, 
reciprocating  several  tines  as  each  Joint  is  added.  Use  teflon 
tipe  for  thread  lubricant.  Run  nandrel  to  264^' .  (All  neasure- 
nents  fron  ground  level.)  Full  bock  '.tp  and  voric  scraper  and 
brushes  through  pipe  fron  2905*  to  .  Reciprocate  10  to  1^ 
tines  through  this  section,  rotating  tubing  about  30*  between  each 
stroke.  Bill  out  of  hole  and  stand  pipe  beck  in  doubles  taking 
care  that  pipe  is  kept  clean.  Make  steel  line  neasurenent  of  pipe 
iddJLe  pulling. 

IV-U.  dose  blind  rans  and  purge  casing  with  oxygen. 

1>,3.  Pick  up  6*3/8"  casing  tall  pipe  as  specified  by  CARD.  Attach 

tall  pipe  to  Baker  DAB  9-3/8”  packer.  Run  packer  with  hydraulic 
setting  tool  on  2-3/8"  tubing.  Position  packer  vith  locator  shoulder 
at  2313* •  nil  tubing  with  water  to  actuate  top  slips  and  pull  up 
to  set  packer  as  directed  by  Baker  Engineer.  Swab  unit  may  be  re¬ 
quired  to  release  setting  tool  from  packer,  roll  setting  tool 
taking  care  that  pipe  is  kept  clean.  Make  steel  line  measurement 
of  pipe  tdiile  pulling  and  number  each  stand  in  sequence  pulled. 

D*6.  Place  6*  diameter  sheave  against  wellhead.  Place  S**!/^"  diameter 
flexible  tubing  of  downhole  module  across  sheave  immediately  above 
Instrument  pod.  At  no  time  during  handling  should  the  flejdble 
tubing  be  permitted  to  bend  less  than  a  3*  radius,  dose  sheave  and 
attach  to  hook  or  bails .  Secure  flexible  tubing  to  sheave  hangar  by 
rope  so  that  the  flexible  tubing  can't  slide  and  sheave  can't  turn. 
Secure  the  valve  seal  assembly  on  forklift  and  align  and  anchor 
flexible  tubing  to  same.  Carefully  pick  up  sheave  until  instrument 
pod  and  detonator  package  are  hanging  over  hole  while  moviiig  the 
forklift  forward  and  manually  controlling  the  flexible  tubing  to 
prevent  excessive  bending  and  maintaining  its  clean  condition, 

D-7.  Conduct  full  power  test.  The  Test  Director  will  install  the 
detonator  nose  cone. 

D-8.  Lower  sheave  allowing  detonator  package  and  instrument  pod  to  enter 
hole  ^diile  moving  forklift  back  from  hole  to  control  slack  in 
flexible  tubing.  Attach  catline  to  flexible  tubing  on  uphole  side 
of  sheave.  Unrope  flexible  tubing  and  pull  toward  hole  with  catline. 
Move  forklift  toward  hole  to  control  downhole  progress  as  catline 
pulls  toward  hole.  CARD  will  provide  a  special  shoulder  sub  located 
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f^pproxiaately  4$'  below  seal  asseably.  Attach  flexible  tiibing  claiq> 
under  shoulder  and  siqtport  cleaQ>  on  blowout  preventer. 


D-9. 

D-10. 

D-11. 

D-12. 


D-13. 

d-i4. 

D-15. 


Lower  sheave  to  ground  vhile  controlling  flexible  tubing  to  prevent 
excessive  bending.  Remove  flexible  tubing  froai  sheave.  I^lt  elevators 
around  pickup  sub  on  valve  seal  assosbly.  Tie  cables  to  lift  sub 
and  loop  back  to  crossover  sub.  Support  loc^  to  prevent  bending 
beyond  3'  mini  mum  radius. 

Raise  valve  seal  assembly  into  derrick  and  pick  up  weight  from 
clan^.  Remove  clasp  and  lower  a88eiid>ly  into  hole.  Untie  cable 
loop.  Install  spider  and  slips  and  hang  assembly  from  landing  sub. 
Spider  and  slips  must  have  open  segment  to  allow  clearance  for  one 
1-1/2"  cable  and  one  3/4"  cable. 

Place  both  cables  over  5*  sheave  and  pick  up  sheave  with  crane. 

Orient  sheave  to  pezmit  easy  placement  of  cables  against  tubing. 

Run  a8eeiiA)ly  on  2-3/8"  tubing  with  centralizers  at  evezy  fourth 
connection.  Support  cables  from  centraliif.ers  with  kellem  grips. 
Install  cementing  valve  ax.  appiroximately  2440' .  Thoroughly  tape 
cable  to  entize  length  of  tubiiig.  Have  short  pup  Joints  in  tubing 
string  at  calculated  landing  depth  so  that  minimum  tubing  head 
height  will  be  achieved.  Do  not  atteapt  to  release  from  packer 
after  stab-in  because  rotation  could  damage  cable.  Electrical 
circuits  will  be  monitozed  continuously  during  lowering.  Electrical 
signalling  system  will  indicate  position  of  instrument  pod  idiile 
passing  throi^gh  packer  and  bell-mouth.  Pull  on  string  after  set- 
down  as  directed  by  Baker  Engineer  to  check  latching. 

Cable  ends  will  be  split  into  several  flexible  pigtails  with  pre¬ 
installed  connectors.  These  pigtails  will  be  brought  out  through 
the  northern  outlet  of  the  Y  spool.  Excess  pigtail  will  be  coiled 
within  that  6"  outlet  arm.  and  the  connectors  will  be  fastened  and 
potted  to  the  special  flanged  cover.  If  additional  rocm  for  excess 
cable  is  required,  a  spool  extension  will  be  connected  to  the  outlet. 
Land  tubing  on  spider  and  slips. 

dose  2-3/8"  pipe  rams .  Back  coupling  off  tubing  and  install  2" 
ball  valve .  Install  2"  flow  tee  in  ball  valve  and  flanged  ball 
valve  on  side  outlet  of  flow  tee.  Install  ccaipanion  flange  with 
tapped  bull  plug  on  valve  and  connect  l/2"  N„  line.  Last  20'  of 
line  will  be  flexible  hose.  Install  l/2"  valve  in  flow  tee  top 
plug.  Leave  both  ball  valves  open  and  demobilize  rig.  Arrange 
1/2"  nitrogen  line  so  that  pressure  cannot  build  up  in  it  or  be 
unintentionally  applied  to  it. 

Fill  cavern  with  gas  as  described  in  GARD's  "Gas  Fill  Operation 
Procedure".  (See  Appendix  E.)  The  Test  Director,  assigned  by 
TC/DASA,  will  be  responsible  for  handling  the  oxygen,  methane  and 
tracers  (see  Planning  Directive,  NVO=64)  .  The  fill  period  will 
end  with  purge  of  the  casing. 
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D-l6.  biiut  off  ^2  casing  and  begin  to  e^ply  N2  pressiire  to  tubing 

througii  1/2"  line.  Bring  tubing  pressiire  up  to  1^  psi.  Resun^ 
flow  of  pux^  to  casing.  Bring  casing  pressure  up  to  400  psi 
and  close  off  fill  line.  Monitor  pressure  on  wellhead  gauge  to 
detenaine  if  there  is  leakage  into  the  cavern. 

D-17>  dose  both  ball  valves  on  tubing  head,  cg)en  1/2”  valve  on  flow  tee. 

Benove  tcp  |d.'ag  from  flow  tee  and  drop  cementing  valve  tripping  ball. 
Iteplug  tee  and  close  1/2"  valve  and  let  tripping  ball  pass  into 
tubing.  Wait  10  minutes  for  ball  to  fall.  Open  flange  ball  valve 
and  bleed  tubing  down  to  fill  paressure  plus  ^  psi .  Close  screwed 
ball  valve.  Bleed  cumulus  pressure  back  to  fill  px%ssiu%  plus  30  psi. 

B>l8.  Bleed  pressure  from  1/2"  N2  fill  line.  Remove  flexible  hose. 

Install  1/2"  tee  between  blowout  preventer  outlet  gauge  and  gauge 
valve.  Ihstall  flexible  hose  between  1/2"  tee  bdAI/Z"  valve  on  top 
of  flow  tee.  Open  gauge  valve  but  leave  1/2"  valve  on  top  of  flow 
tee  closed.  Rmaove  temped  biiU  plug  from  companicn  flange  and  connect 
Dewell  cementing  line  to  flange. 

D-I9.  Prepare  cement  coiiq;>osed  of  48^  Portland,  48^  flyash,  and  4^ 

bentonite  by  volume  measurement  in  a  Paddle  mixer.  Open  screwed 
ball  valve.  Punqp  two  barrels  of  jelled  water  to  open  cementing 
sleeve  followed  by  approximately  178  cubic  feet  of  cement  to  provide 
400  feet  of  steaming,  dose  flcusged  ball  valve  and  open  1/2"  valve 
on  flow  tee.  (Cxact  volumes  required  in  accordance  with  approved  TNP 
Contaizmient  Flan  will  be  calculated  tdien  enplaced  tubing  tcdly  is 
available . ) 

D*20.  Bleed  N2  pressure  on  casing  down  to  fill  pressure  plus  30  psi  cuid 
hold  24  hours . 

D-21.  Fire  idien  ready. 


D-3 


BACKUP  PROCEDURES 


A.  If  small,  but  signifiotint  leakage  is  detected  in  step  proceed  as 

follows: 

a.  Conqplete  step  jfl?  and  #L8  as  described. 

b.  Pump  10  barrels  of  Jelled  water  into  tubing,  dose  flanged  ball 
valve  and  open  1/2"  valve  on  flow  tee. 

c.  Maintain  pressure  on  casing  at  final  fill  pressxire  plus 
approxinately  ^  psi  for  2  hours.  If  no  leakage  is  evident, 
bring  pressure  up  to  400  psi. 

d.  If  no  leakage  is  evident  at  the  higher  pressiue,  bleed  pressure 
bcu:k,  reset  valves,  and  caqplete  steps  #L9  &nd  #20. 

B.  If  purge  pressu3re  does  not  build  up  in  step  #l6  after  pressuring  tubing, 

proceed  as  follows: 

a.  Repeat  step  #L6  but  bring  tubing  pressiire  up  to  3000  psi.  If  valve 
closes,  proceed  with  program  as  written. 

b.  If  valve  does  not  close,  continue  slow  N2  purge  down  casing. 

Remove  flanged  section  of  3"  line  between  blowout  preventer 
outlet  valve  and  flare.  Connect  cementing  line  to  valve. 

c.  Pump  coarse  lost  circulation  material  and  Jelled  water  into 
casing  through  blowout  preventer.  Control  purge  gas  pressure 
within  30  psi  above  final  cavity  fill  pressure  until  sufficient 
volume  of  L.C.  material  has  been  pumped  to  fill  all  of  6-5/8" 
casing  and  packer  assembly. 

d.  Begin  puoplng  fine  L.C.  mateirial  and  heavy  mud.  Let  purge 
gas  pressure  rise  to  UOO  psi  as  seal  develops.  Maintain  400 
psi  casing  pressure  for  8  hours  after  complete  seal  is  developed 
to  obtain  good  compaction  of  plug. 

e.  Bleed  casing  pressure  beick  to  fill  plus  50  psi  and  proceed  with 
steps  #17,  ^8,  #19  and  #20. 


D-4 


BLOWOUT  HtEVEHTER  TEST 
HIOJECT  MIRACLE  PLAY 


The  Sbaffer  double  gate  preventer  will  be  degreased  and  equipped  with  blind 
raas  and  2-3/8"  pipe  rams  prior  to  installation  on  the  wellhead.  Water 
with  good  quality  pemanent  type  anti-freeze  solution  will  be  used  as 
hydraulic  fluid.  Sitrogen  bottles  will  be  installed  on  the  l^dril  accumu- 
later  for  emergency  use.  i^e  accumulator  and  control  panel  will  be  placed 
eqqproxlinately  100  feet  southeast  of  the  wellhead.  The  blowout  preventer 
test  will  follow  Installation  of  CARD'S  10”  check  valve  and  piping  to  the 
south  outlet  of  the  12"  vellheaid  spool  and  the  installation  of  CARD'S  3" 
line  to  the  bottom  outlet  of  the  Shaffer  blowout  preventer.  The  blowout 
preventer  test  will  precede  downhole  pumping  of  any  oxygen  or  methane. 

A  blind  flange  will  be  Installed  on  the  north  outlet  of  the  12”  wellhead 
spool  for  test  purposes .  The  test  will  be  conducted  as  follows : 

Step  1  -  Set  retrievable  bridge  plug  in  9-5/8"  casing  below  12”  spool 
and  fill  wellhead  with  water. 

Step  2  -  Install  1/2”  tee  between  gauge  and  valve  on  CARD'S  3”  line  from 
blowout  preventer.  Close  blind  rams  and  CARD'S  3"  valve.  Open  1/2”  valve 
below  tee  and  punq>  water  into  wellhead  with  Baker  hand  pump.  Bring  pressure 
tqp  to  3000  psi  and  hold  for  13  minutes.  If  leaJeage  occurs,  ma]ce  repairs 
and  retest  until  conqdete  sealing  is  accooqilished. 

Step  3  -  Close  1/2"  gauge  valve  with  3000  psi  on  system  and  disconnect  hand 
pump.  Inspect  1/2"  valve  for  leakage. 

Step  4  -  Re-connect  pump  euad  open  1/2"  valve.  Place  buUplugged  tubing  pup 
in  preventer  and  close  pipe  rams. 

Step  3  -  Open  blind  rams  and  pmp  water  pressure  back  to  3000  psi .  Hold 
pressure  for  1^  minutes  and  inspect  for  leakage.  If  leakage  occurs, 
make  repairs  and  retest  imtil  conplete  sealing  is  accomplished. 

Step  6  -  Bleed  off  pressure,  open  rams,  and  retrieve  bridge  plug. 
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APPEKDIX  E 

HttUD  WATER  GAS  FILL  OPEiATIOMAL  PLAN 


General  Requlreaenta 

A.  Veo  nen  (buddy  systen)  will  work  together  on  all  operations. 

B.  Coamnicationa  will  be  naintained  between  all  groups  as¬ 
sociated  with  this  phase  of  the  prograa. 

C.  During  cavity  gas  fill  operations  the  CARD  Instruoientation 
Shack  will  be  the  control  point  (CP)  Telephone  No.  794-6404. 

Assuaptions 

A.  The  pipeline  from  the  United  Gas  Co.  mainline  to  the  motor 
CH4  valve,  6-M0BV-G-5  will  be  filled  with  CH4  at  atmospheric  pres¬ 
sure. 

B.  The  8“  line  from  the  E-14  pad  to  the  motor  02  valve, 
8-lK)BV-02,  and  the  X  section  will  be  filled  with  02  at  atmospheric 
or  slightly  greater  pressure. 

Preparation 

A.  Confirm  all  site  valves  are  in  a  closed  position. 

B.  Inspect  BOP  for  closure. 

C.  Position  and  set  up  the  SF6  feed  system  for  operation  at 
the  bleed  plug  near  the  manual  CH4  val/e,  6-MABV-G-4. 

D.  Purge  the  02  line  and  X  section  through  the  flare  vent 
line  with  1000  SCF  of  N2. 

E.  Remove  HPN2  gage  and  open  .50-MAV-N-4  and  remove  handle. 
Open  valves  2-MABV-N-5  and  2-MABV-N-6  at  the  BOP.  Assure  valve 
.5-MAV-N-7  is  closed. 

F.  Verify  that  all  valves  in  the  pressure  monitoring  manifold 
on  the  3"  flare  and  vent  line  are  open. 

Natural  Gas  Fill 


A.  Obtain  permission  of  Technical  Director  and  Test  Manager 
to  proceed. 

B.  Verify  that  the  United  Gas  Company's  natural  gas  valve  is 
open  and  manned  by  U.G.  personnel  at  the  mainline  distribution 
point.  Set  for  estimated  flow  rate  of  130K  SCF/hr. 

C.  Open  Manual  natural  gas  valve,  6-MAB7-G-4. 

D.  Open  motor  natural  gas  valve,  6-MOBV-G-5. 

E.  Open  motor  spool  valve,  8-MOSBV-3. 

F.  C^en  and  adjust  SF6  feed  system  into  the  CH4  pipeline. 

G.  Establish  flow  rate  of  150K  SCF/hr;  adjust  SF6  inject  rate. 
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HUMID  HATER  Gas  Pill  Operatiraal  Plan 


H.  When  cavity  pressure  is  75  PSIA,  notify  the  Technical 
Director. 

I.  Final  adjustment  will  be  made  under  the  supervision  of  the 
Technical  Director. 

J.  Stop  natural  gas  flow  by  closing  the  manual  valve  at  the 
United  Gas  Ccmq>any's  main  distribution  point  when  permission  is 
given  by  the  Technical  Director.  Close  the  SF6  feed  system  into 
the  CH4  pipeline.  Close  the  motor  CH4  valve,  6-MOBV-G-5. 

E-5.  Nitrogen  Purge  and  Venting  of  CH4  Pipeline 

A.  Prepare  to  begin  nitrogen  flow  at  station  E-14. 

B.  Open  manual  nitrogen  valve  .50-MAV-N-2.  Reinstall  02 
bleed  plug. 

C.  Simultaneously,  begin  nitrogen  flow  and  open  manual  nitro¬ 
gen  valve  .75-MAV-N-l. 

D.  When  N2  pressure  in  02  lines  is  120  PSIG,  open  motor  oxygen 
valve  8-MOBV-0-2. 

E.  Purge  X  section,  wellhead,  and  downhole  casing.  Volume 
of  N2  will  be  at  least  2S,000SCF. 

F.  Shut  down  N2  flow  and  close  motor  spool  valve,  8-MOSBV-3. 

G.  Close  motor  01:  valve,  8-MOBV-0-2. 

H.  Open  motor  vent  valve,  3-MOBV-VF-6. 

I.  Vent  CH4  pipeline  to  atmoshpere  through  flare  stack  by 
opening  motor  CH4  valve,  6-MOBV-G-5.  Ignite  flare  with  sparker. 

J.  After  gas  flow  roar  from  vent  stack  ceases,  close  the 
manual  CH4  valve,  6-MABV-C-4. 

K.  Five  (3)  minutes  after  completing  step  J,  close  SF6  valve 
and  remove  CH4  bleed  plug.  Uncouple  the  SF6  feed  system  from  the 
CH4  pipeline.  Move  the  SF6  feed  system  to  the  E-14  pad  and  connect 
to  SF6  inlet  to  the  8**  service  pipeline. 

L.  Open  the  motor  02  valve,  8-MOBV-0-2. 

M.  Start  flowing  N2. 

N.  Purge  the  X  section,  the  vent  line,  and  the  section  of  the 
CH4  pipeline  between  the  manual  CH4  valve  6-HABV-G-5,  with  nitrogen. 
Volume  of  N2  will  be  at  least  1500  SCF. 

O.  Close  motor  vent  valve  3-MOBV-VF-6.  Continue  purge  for 
additional  lOOOSCF. 

F.  To  stop  nitrogen  purge,  simultaneously  close  nitrogen  valve 
.75-MAV-N-l  and  stop  N2  flow. 

Q.  Close  manual  CH4  valve,  6-MABV-G-5. 

R.  Secure  nitrogen  pumper. 

S.  When  the  pressure  in  the  8”  pipeline  reaches  atmospheric 
pressure,  close  the  motor  02  valve,  8-MOBV-0-2. 

E-6.  Oxygen  Fill  (Commence  on  approval  from  Technical  Director  and 

Test  Manager) 

A.  Check  that  valve  .75-MAV-N-3  is  closed.  Verify  that  valves 
2-MAy-N-5,  2-MAV-N-6  are  open. 
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HimD  VA^ER  Gac  Fill  Operaticmal  Plan 

B.  Inaura  SF6  feed  syatea  is  ready  for  operation. 

C.  Prepare  to  begin  02  flow. 

D.  Open  aanual  02  valve,  3-MABV-O-l. 

E.  C^n  notor  02  valve,  8>M(%V-0>2. 

F.  Slowly  begin  02  flow.  When  pressure  in  02  line  exceeds 
125  PSIG,  open  sotor  spool  valve,  8>M0SBV-3. 

Oi  Increase  02  flow  to  naxiimim  as  directed  by  Technical  Direc¬ 
tor.  Open  and  adjxist  SF6  feed  system  into  oxygen  flow.  As  necessary 
Linde  nay  operate  manual  02  valve,  3-MABV-O-l  during  transfer  of 
liquid  oxygen. 

H.  When  cavity  pressure  is  180  PSIA,  notify  the  Technical 
Director.  Final  adjustamnts  will  be  made  under  the  supervision  of 
the  Technical  Director. 

I.  When  permission  is  granted  by  Technical  Director  close 
mantial  02  valve,  3-MABV-O-l,  and  stop  02  flow.  Close  SF6  feed  system 

E-7.  Nitrogen  Purge 

A.  Prepare  to  begin  nitrogen  flow  at  station  E-14. 

B.  Open  manual  N2  valve,  .50-MAV-N-2. 

C.  Simultaneously  begin  nitrogen  flow  and  open  manual  N2 
valve,  .75-MAV-N-l,  when  n2  line  pressure  exceeds  02  line  pressure. 

D.  Purge  oxygen  line,  X  section,  wellhead  section  and  down¬ 
hole  casing  %rith  nitrogen.  Voltane  will  be  at  least  50,000  SCF. 

F.  Shut  down  N2  flow  and  close  manual  N2  valve,  .75-MAV-N-l, 
to  stop  nitrogen  purge. 

NOTE:  Procedures  for  items  8  and  9  are  conq>lementary  to  the  Emplace¬ 
ment  Flan  and  will  require  close  coordination  with  the  Site  Manager 
and  his  staff. 

E-8.  Sliding  Sleeve  Valve  Operation 

A.  Prepare  hl-pressure  N2  pumper.  (Commence  with  approval 
of  Technical  Director) 

B.  Replace  HPN2  gage.  Replace  handle  and  open  manual  N2  valve, 
.50-MAV-N-4. 

C.  Open  manual  N2  valve,  .75-MAV-N-3,  to  shift  sliding  sleeve. 
Raise  pressure  to  1500  PSIG. 

D.  Close  manual  N2  valve,  .75-MAV-N-3. 

E-9.  Downhole  Casing  Pressure  Test 

A.  Start  N2  pumper,  build  pressure  to  250  PSIG;  open  manual 
N2  valve  .75-MAV-N-l  and  increase  N2  pressure  to  250  PSIG. 

B.  Simultaneously  close  manual  N2  valve,  .75-MAV-N-l  and  shut 
down  N2  pumper. 
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C.  (R>serve  gages  Lnt2  and  vellhead  pressure  transducer  for 
any  gross  pressure  decrease  in  casing  and  if  a  decrease  occurs, 
detensine  approximate  rate  of  leakage. 

D.  Inform  Technical  Director  of  results  of  step  C  before 
proceeding . 

E.  Close  valve  .S-MAV«N-2.  Cautiously  resx>ve  1.FN2  gage.  A 
party  of  three  (one  rad  safe)  will  take  gage  to  G2.  At  GZ  close 

all  three  pressure  monitoring  manifold  valves.  Cautiously  interchange 
gages.  Open  gage  valve  &  pressure  monitoring  manifold  valve.  Leave 
valve  to  pressure  transducer  closed.  All  personnel  return  to  sta¬ 
tion  E-14.  Install  wellhead  gage  on  N2  manifold.  Open  .S-MAV-N-Z. 

F.  Start  N2  pumper.  Build  pressure  to  250  PSIG:  open  manual 
N2  valve  .75-HAV-N-l  and  increase  N2  pressure  to  400  PSIG. 

G.  Simultaneously  close  manual  N2  valve  .75-HAV-N-l  and  shut 
down  N2  pumper. 

H.  Observe  repla(.ed  7PN2  gage  for  any  gross  pressure  decrease 
in  casing  and  if  a  decrease  occurs,  determine  approximate  rate  of 
leakage . 

I.  Inform  Technical  Director  at  result  of  step  H  before 
proceeding. 

J.  Close  motor  spool  valve  8-MOSBV-3  and  motor  02  valve 
8-MOBV-0-2. 

K.  A  party  of  three  (including  one  rad  safe)  will  go  to  GZ 
and  closely  monitor  wellhead  pressure  gage  and  determine  rate  of 
pressure  decrease  if  any. 

L.  Inform  Technical  Director  of  result  of  step  K  before 
proceeding. 

M.  Close  motor  spool  valve  8-MOSBV-3  and  motor  02  valve 
8-MOBV-0-2. 

N.  Slowly  A  cautiously  drop  wellhead  pressure  to  250PSIG  by 
cracking  manual  vent  valve,  3-MAV-VF-7. 

O.  Drop  cementing  ball  (reference  Emplacement  Plan). 

P.  Open  motor  vent  valve,  3-MOBV-VF-6  and  open  motor  oxygen 
valve,  8-MOBV-0-2  to  bleed  02  line. 

Q.  Close  manual  N2  valve  .5-MAV-N-2. 

R.  Bleed  2  3/8"  tubing  to  250  PSIG  (HPN2  gage)  by  opening 
manual  N2  valve  .75-MAV-N-l  and  manipulating  manual  N2  valve 
.75-MAV-N-3.  Close  both  valves  at  250  PSIG. 

S.  When  N2  flow  from  vent  stack  ceases,  close  motor  vent  valve 
3-M0BV-VF-6,  and  motor  02  valve  8-MOBV-0-2. 

I.  Proceed  with  emplacement  plan.  To  bleed  N2  line,  open 
manual  N2  valves  .75-MAV-N-l  and  .75-MAV-N-3.  To  bleed  annulus, 
use  manual  flare/vent  valve  3-MAV-VF-7.  After  stem  is  in  place, 
check  02  line  pressure  (LFN2),  bleed  if  necessary,  and  remove  02 
bleed  plug. 
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Saergeocy  Procedures 

A.  In  caae  of  an  eoergency  during  the  oxygen  fill: 

1.  Inaiediately  stop  the  oxygen  pusher  at  Station  E-14. 

2.  Ifinediately  close  the  motor  spool  valve  8>M0SBV-3  and 
the  motor  oxygen  valve  8>MOBV-0-2. 

3.  Alert  the  emergency  team. 

4.  Close  manual  oxygen  valve  8-MABV-O-l. 

5.  If  emergency  is  a  fire  or  potential  xire  remove  as 
nmch  as  poeaible  r.he  combustibles  from  the  area  of  the  fire. 

6.  If  emergency  is  a  fire  or  potential  fire,  respond  with 
appropriate  agent  to  control  fire', 

7.  Notify  the  Technical  Director,  CARD  Project  Engineer 

and  AEC  Safety.  not  proceed  with  oxygen  fill  until  permission 

is  granted  by  these  persons. 

B.  In  case  of  an  emergency  during  the  natural  gas  fill: 

1.  Ismediately  close  motor  spool  valve  8-MOSBV-3  and  the 
motor  natural  gas  valve  6-HOBV-G-5. 

2.  If  possible  have  the  manual  natural  gas  valve  at  the 
United  Gas  Cos^sny's  mainline  distribution  point  closed. 

3.  Alert  the  emergency  team. 

4.  Close  the  manual  natural  gas  valve  6-MABV-G-4. 

5.  If  emergency  is  a  fire  or  a  potential  fire,  remove  as 
much  as  possible  the  condiustlbles  from  the  area  of  the  fire. 

6.  If  emergency  Is  a  fire  or  a  potential  fir  ,  respond 
with  appropriate  agent  to  control  fire. 

7.  Notify  the  Technical  Director,  GARB  Project  Engineer, 
and  AEC  Safety.  Do  not  proceed  with  natural  gas  fill  until  permis¬ 
sion  is  granted  by  these  persons. 
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ABSTRACT 


Trie  mixing  of  gases  in  a  large  sptierical  cavity  to  obtain  a  detonable 
mixture  has  been  analyzed  for  several  different  loading  procedures.  The  methods 
analyzed  make  use  of  convection  and  mixing  in  the  cavity  produced  by  the  action 
of  a  turbulent  buoyant  source  at  the  top  of  the  cavity. 

Excellent  mixing  is  produced  by  the  action  of  a  heavy  turbulent  plun^  which 
extends  to  the  floor  of  the  cavity.  The  plume  entrains  and  displaces  a  large 
volume  flux  of  gas  producing  free  convection  in  the  cavity.  If  a  large  density 
gradient  exists  in  the  cavity,  the  plume  may  not  penetrate  to  the  cavity  floor. 
In  this  case,  the  mixing  takes  place  only  to  the  depth  of  penetration  of  the 
plume . 

Relatively  poor  mixing  is  obtained  by  the  action  of  a  light  plume  which 
penetrates  to  a  shallow  depth  into  the  cavity  before  it  is  reversed  by  buoyant 
forces.  The  mixing  established  by  the  light  plume  is  confined  to  a  region  near 
Lhe  source.  The  efflux  from  the  light  plume  displaces  the  heavier  mixture 
originally  at  the  top  of  the  cavity.  This  displacement  forms  a  steep  gradient 
between  the  light  gaf.es  at  the  top  of  the  cavity  and  the  compressed  heavier 
gas. 

When  alternate  volumes  of  gas  are  loaded  into  the  cavity,  mixing  is 
alternately  produced  by  heavy  and  light  plumes.  Excellent  mixing  is  produced 
by  the  heavy  plume  while  the  poor  mixing  by  the  light  plume  produces  steep 
density  gradients.  These  gradients  in  turn  confine  the  action  of  the  next 
heavy  plume  to  the  region  above  the  gradient.  For  these  reasons  this  method 
of  loading  cannot  yield  better  results  than  the  action  of  a  single  heavy 
p  i  urr.e . 
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T«  mXDIG  Of  GASES  IH  A  SFHBRICAL  CAVITY 


Baeteround 

General  American  Research  Division  participated  in  an  underground  gas 
detonation  experiment,  Diode  Tube  Event  of  Miracle  Play  Test  Series  under  DASA 
Contract  DASA01-68-C»0177«  The  purpose  of  this  experiment  was  to  match  the 
seismic  signals  of  a  previous  nuclear  explosion.  Sterling,  using  a  gats  detona¬ 
tion  in  the  same  cavity.  Investigation  of  the  seismic  data  from  Diode  Tube 
Event  indicates  that  the  peak  amplitudes  of  the  seismic  signals  from  Diode 
Tube  are  one-third  of  what  was  expected.  In  reviewing  the  program,  questions 
were  raised  concerning  the  quality  of  gas  mixing  (implying  an  explosive  yield 
less  than  predicted)  obtained  in  Diode  Tube  Event.  Reported  herein  is  an 
evaluation  of  the  Aixing  of  gases  which  takes  place  in  a  large  spherical  cavity 
for  several  different  loading  procedures,  including  those  used  for  Diode  Tube 
Event  and  those  proposed  for  Humid  Water  and  Dinar  Coin  Events . 

The  cavity,  into  which  the  gases  were  to  be  mixed,  existed  in  the  Atomic 
Energy  Commission's  Tatum  Dome  Test  Site  near  Hattiesburg,  Mississippi.  Its 
roughly  spherical  shape  (110  ft.  diameter)  h«ui  been  produced  by  a  previous 
nuclear  explosion.  Project  Salmon,  at  that  site.  A  solidified  pool  of  salt 
on  which  rested  a  layer  of  rubble  formed  the  floor  of  the  cavity.  At  the  top, 
chunks  of  the  ceiling  had  fallen  out  to  form  a  chimney.  A  6-5/8  inch  diameter 
steel  casing  protruded  into  the  chimiiey,  2650  feet  below  the  well  head.  This 
casing  contained  a  1-1/2  inch  diameter  instrumentation  cable  and  valving  for 
the  gases.  The  gases  flowed  out  of  the  csising  into  the  chimney  area  through 
slots  cut  into  the  side  of  the  casing. 
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Methoda  of  Loading 


This  analysis  deals  with  the  problem  of  mixing  large  qiuuitities  of  gases 
into  an  explosive  mixture.  A  detonable  mixture  of  methane  and  >  ..ygen  was  to  be 
obtained  in  a  110  ft.  diameter  spherical  cavity,  approximately  one-half  mile 
underground.  Safety  considerations  generally  precluded  mixing  the  gases  at 
ground  level  and  transporting  them  down  to  the  cavity.  Thus,  alternate  methods 
were  devised. 

In  Diode  Tube  Event,  the  heavy  gas  (oxygen)  was  leaded  into  the  cavity  first, 
then  the  methane.  Other  methods  of  loading  the  gases  to  obtain  mixing  in  the 
cavity  are;  l)  to  load  all  of  the  lighter  gas  (methane)  first,  then  the  oxygen 
or  2 )  to  load  methane  and  oxygen  in  alternate  small  volmnes  using  an  inert  gas 
(nitrogen)  to  purge  the  pipe  line  between  volumes. 

Method  of  Solution 

The  gases  in  the  cavity  are  mixed  by  several  different  mec  lanisms.  The 
method  of  solution  has  been  to  treat  the  problems  of  turbulent  diffusion, 
forced  and  free  convection  and  molecular  diffusion  individually.  By  this  means 
it  can  be  shown  that  the  dominant  mixing  mechanism  during  the  loading  process  is 
diffusion  and  buoyant  free  convection  produced  by  a  forced  plume. 

The  gases  enter  the  cavity  through  evenings  cut  into  the  6-5/8  inch  diameter 
casing  which  protrudes  into  the  chimney  of  the  cavity.  The  gas  enters  the 
cavity  with  sufficient  velocity  to  produce  a  turbulent  jet  (See  Appendix  l) 
which  entrains  cavity  gas. 
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For  the  flow  c<»»iition8  used  in  Diode  Tube  Event  the  entrence  moaentuQ 
flux  vas  insufficient  to  support  significant  convective  velocities  which 
would  nix  the  gases  by  Iwrge  scale  forced  circulation  (See  Appendix  2)> 

!Ihe  entering  jet  may  be  heavier  or  lighter  than  the  proximate  cavity 
gas.  When  the  direction  of  mean  motion  is  induced  by  buqjrancy  forces,  this 
type  of  continuous  turbulent  source  is  called  a  plume.  The  pliaae  tends  to 
induce  a  circulation  of  the  mixed  gases  in  the  cavity.  The  extent  of  this 
circulation  depends  on  the  direction  taken  by  the  plume  due  to  its  bucyancy. 

The  gases  entrained  and  mixed  in  the  plume  are  transported  to  the  position  that 
the  plume  terminates.  The  plume  gas  issuing  from  the  plume  spreads  laterally 
at  its  density  level  displacing  the  cavity  gases  originally  there. 

ENTRAINMENT  AND  COHVECTION  BY  A  FCTtCED  PLUME 

The  methods  analyzed  make  use  of  convection  and  mixing  in  the  cavity 
produced  by  the  action  of  a  turbulent  buoyant  source  in  the  top  of  the  cavity. 

A  model  for  turbulent  buoyant  convection  from  a  source  in  a  confined  region, 
introduced  by  W.  D.  Baines  and  J.  S,  Turner^^^,  is  applied  in  this  analysis. 
Their  model  incorporates  a  turbulent  plume  which  persists  to  and  is  terminated 
at  the  boundary  of  the  cavity.  The  gas  mixture  issuing  from  the  plume  spreads 
laterally  at  its  density  level  displacing  the  gas  originediy  there.  Mixing 
takes  place  by  turbulent  diffusion  in  the  plume.  Convection  outside  of  the 
plume  is  produced  by  displacement  by  the  gases  issuing  from  the  plume  and  by 
entrainment  into  the  plume. 

The  main  differences  between  the  model  of  W.  D.  Baines  and  J.  S.  Turner 
and  the  one  applied  here  is  that  in  this  case  the  displacement  of  the  gases  in 
the  cavity  is  accompanied  by  their  compression  as  the  pressure  in  the  cavity 
increases.  This  compression  is  directly  related  to  convection  in  the  cavity. 


In  this  analysis  the  source  is  finite  and  has  sui  associated  mass  and  manentum 


flux.  The  molecular  weights  of  the  source  and  cavity  gases  differ  initially  by 

a  factor  of  2,  Sources  of  mass  momentum  and  buoyancy  have  been  analyzed  by 

(2) 

B.  R.  Morton  who  shows  tltat  they  car.  be  related  to  a  virtiuil  point  source 

of  buoyancy  and  momentum  only.  Increasing  tlie  mass  and  mosent>im  of  the  scnirce 
in  a  stably  stratified  atmosphere  has  the  effect  at  first  of  reducing  the  total 
penetration  of  the  pliune.  This  indicates  that  the  spreading  ^  nd  mixing  cccur> 
ring  in  a  turbulent  forced  plijune  is  affected  by  the  initial  momentum  and  mass  flux. 

In  the  analysis  which  follows,  it  is  asstssed  that  the  momentum  forces 
associated  with  the  inlet  jet  are  insufficient  to  over  balance  the  stabilizing 
buoyant  forces  and  drive  the  cavity  gases  into  a  large  scale  circulation. 

Appendix  2  shows  that  the  momentum  at  the  inlet,  for  tlie  cases  which  will  be 
considered,  is  insufficient  to  produce  rapid  circulation,  assuming  Stokes  flow, 
of  a  uniform  gas  in  the  caArity.  The  calculated  circulation  would  have  been  even 
less  if  the  stabilizing  buoyancy  forces  were  included. 

Equations  for  the  Axisymmetric  Plume 

The  theory  of  turbulent  gravitational  convection  from  maintained  sources 

(3) 

was  aeveloped  by  5.  R.  Morton,  G.  I.  Taylor,  and  J,  S.  Turner  .  The  mean 
velocity  and  mean  density  for  an  axisymmetric  plume  are  given  by 

U  (s,  r)  =  U(s)e’^  (l) 

2  2 

[  P  -  Pq  ]  (s,  r)  =  [p-Pq  ]  (s)e'^  (2) 
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where  U(s)  iu  the  centerJine  mean  velocity,  p(s)  and  are  otnieriine 

mean  densities  inside  and  (Xitslde  of  the  plume, respectively,  and  b(s)  is  a 
characteristic  plume  i^dius. 

The  conservation  of  mass  and  momentum,  where  the  coordinate  systems  under 
consideration  is  shown  in  Figure  1,  are  given  by 


Uw 


t(p-p„)  ]  -  -A 


ds 


(3) 


ds 


[b^u^  y  cos  e  ] 


(P-Po^ 


(4) 


b) 


where  ©  is  the  angle  between  the  direction  of  the  plume  trajectory  (s)  and  the 
acceleration  of  gravity  (g). 

Batchelor's  assumption  that  the  entrainment  at  some  position  in  the  plume 
is  proportional  to  a  characteristic  velocity  at  that  position  is  given  by 


(b^u)  =  2a  bu  (6) 

where  a  is  the  experimentally  determined  entrainment  coefficient.  Equations 
3-6  result  from  integration  of  the  equations  over  the  plume  cross  section. 
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Cor^ervation  of  mass  in  tiie  cavity  outBide  of  t!:e  pJuKe  is  given  by 


_ o  .  1-  _ i 

■3t  *  '•  "S 

i.i*.eia  U  is  the  convective  velocity  and 


^  “ST  ^Pc  “37  "  ® 


2  V 


Cv) 


(8) 


The  noBenclature  for  equation  8  is  shown  in  Figure  2.  R  is  the  radius  of  the 
cavj  ,y  at  the  depth  x,  Tru^b^^  is  the  ir'’et  vol»ame  flux  and  V^/V  is  the  ratio 
of  the  volume  above  the  soction  at  x  ‘o  the  total  volvune  of  the  cavity. 

The  transition  of  the  Jet  mean  velocity  and  mean  density  profiles  from 
being  uniform  at  the  nozzle  exit  to  fully  developed  Gaussian  at  a  position 
downstream  has  been  analyzed  by  C«duP,  JDona'Ldson  and  K.  E.  Gray^^^  using  a 
momentum  integral  method.  The  core  or  uniform  property  region  decreases  due 
to  turbulent  diffusion  with  distance  along  the  trajectory(s).  The  core  region 
is  shown  schematically  in  Figure  3  ending  at  a  distance  s^  along  the  trajectory.. 
For  low  Mach  number  flow  and  density  ratios  of  2,  the  length  of  the  core  region 
is  found  to  be  of  the  order  of  the  nozzle  radius  (See  Appendix  l).  The  change 
of  momentum  of  the  Jet  due  to  buoyancy  over  the  distance  s^  is  negligible 
compared  to  the  assumed  inlet  momentum.  In  order  to  treat  the  transition 
region, the  momentum  will  be  assumed  to  be  co.nstant  and  equal  to  the  inlet 


momentum. 


FiQurt  2  .  CONSERVATION 


t 


It  is  convenient  to  assune  that  the  characteristic  ;  lumc  diinenslr>n  for 
the  density  profile  is  given  by  h/k  in  the  core  region  where  X  is  a  pare.  iter. 
I^e  mass  and  momentum  fluxes  at  s  «  s^  are  given  by 


7r(p  +  X^p  )  ub^ 

p';x° 


7r(^  +X^p  ) 

\f  =  .  .  ^ _ 

2(2  +  X^) 


If  the  entrainment  over  the  distance  s  is  given  bv  E  then  the  volume  flux 

c  c 

is  given  by 


Y  =  Tib,  u,  +  E 
c  11c 


and  the  momentum  and  mass  fluxes  are 


Z  =p,b,  u,  +p  E 
c  '^1  1  1  '^o  c 


“c  =  0l 


Solution  of  equations  9-13  simultaneously  yields  E^  and  X  ,  One  obtains 


2  2 
E  =  X  u  b, 
c  11 


X^  =  -1/2  +yi/k  +  ^ 
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These  parameters  In  conjunction  with  equations  LI  to  13  define  the  boundary 
conditions  for  the  Gaussian  axi symmetric  plume  in  terms  of  known  conditions 
at  the  nozzle. 

Initially,  the  cavity  contains  a  known  number  of  moles  of  gas.  At  the 
beginning  of  the  computation.  It  is  assumed  that  the  plume  is  already  established 
in  the  cavity  gas.  The  inlet  gases  issue  from  openings  cut  into  the  side  of  a 
6-^/8  inch  diameter  casing  at  approxiouitely  £C**  to  the  axis  of  the  cavity.  It  is 
assumed  that  loading  the  light  gas  forms  four  distinct  plumes  while  loading  the 
heavy  gas  forms  a  single  plume.  In  the  case  of  the  heavy  gas,  the  individual 
plumes  quickly  Join  up  due  to  the  rapid  entrainment  of  the  gas  between  them. 

Numerical  Solution 

The  differential  equations  in  terms  of  trajectory,  (s),  and  time,(t),  were 
non-dimensionalized  and  converted  to  pure  difference  equations.  These  were 
programmed  in  F(»TRAN  IV  for  the  IBM  1130  computer.  Mathematical  singularities 
in  the  problem  were  isolated  and  computed  separately.  Two  cases  of  a  finite 
source  were  solved  numerically;  one  with  positive  buoyancy  and  one  with  negative 
buoyancy.  The  cavity  boundary  was  a  110  ft.  diameter  sphere  truncated  3  ft. 
from  the  top  (ceiling)  and  7  ft.  from  the  bottom  (floor).  The  entrance  nozzle 
was  at  the  center  of  the  ceiling. 

The  entrainment  coefficient,  a  ,  has  been  experimentally  determined.  Values 
reported  in  the  literature  for  liquids  and  gases  range  from  O.O58  to  0.082^^^. 

H.  Rouse,  C.  S.  Yih,  and  H.  W.  Humphreys^  '  measured  a=  O.O58  for  plumes  in 
air.  This  value,  used  in  this  analysis,  seems  to  be  the  one  most  generally 
accepted. 
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Light  Pluae;  itethane  Source 


initially,  the  cavity  contains  9  atTOspheres  of  oxygen.  Methane  is 
added  at  33^  Ibn-noles/hr  \intil  the  cavity  pressiL'e  reaches  atmospneres. 

The  aethane  issues  into  the  cavity  at  an  angle  of  20"  off  the  axis  of  the 
cavity  from  4  nozzles  with  1/8  ft.  radii. 

The  computation  shows  that  the  plume  initially  penetrates  only  1  ft. 
deep  into  the  pure  oxygen.  As  the  lighter  plume  gas  accumulates  at  the  top 
of  the  cavity,  the  penetration  increases  to  a  maximum  of  3  ft.  Meanwhile  the 
methane  added  to  the  cavity  continues  to  compress  the  pure  oxygen  deeper  into 
the  cavity  without  further  entrainment  from  the  pure  oxygen  region.  The  con¬ 
centrations  of  oxygen  vs  depth  in  the  cavity  at  selected  times  during  the 
.dethane  loading  are  shown  in  Figure  4  . 

Heavy  Plume;  Oxygen  Source 

For  this  case  the  cavity  contains  6  atmospheres  of  methane.  Oxygen  is 
loaded  into  the  cavity  at  336  Ibm-mole/hr  until  the  cavity  pressure  reaches 
15  atmospheres.  The  oxygen  issues  into  the  cavity  along  the  vertical  axis 
through  a  single  nozzle  with  a  l/4  ft.  radius.  The  plume  extends  to  the  floor 
of  the  cavity  entraining  a  large  volume  flux  of  cavity  gas.  For  the  initial 
plume  the  entrainment  is  311  times  the  volume  flux  at  the  r'ozzle.  Outside  of 
the  plume  the  first  traces  of  plume  gas  reach  98^  of  the  cavi  y  height  in  I/3 
hour.  The  pattern  of  mixing  is  unchanged  after  this  first  front  approaches 
the  ceiling  of  the  cavity.  The  concentration  of  oxygtn  vs  depth  in  the  cavity 
is  shown  in  Figure  5  for  several  selected  times.  The  natural  convection  produced 
by  the  plume  provides  a  very  effective  means  of  mixing  the  gases.  The  fractional 
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IN  THE  CAVITY 


Otionobie  Mixture 


%  CONCENTRATION  OF  OXYGEN 


Figure  4.  LIGHT  PLUME;  CONCENTRATION  OF  OXYGEN  IN  A 
SPHERICAL  CAVITY. 


Dttonobit  Mixtur* 


%  CONCENTRATiON  OF  OXYGEN 


Figure  5 .  HEAVY  PLUME  CONCENTRATION  OF  OXYGEN  IN  A 
SPHERICAL  CAVITY, 


change  in  concentration  over  9651  of  the  cavity  height  is  ler  then  lOjt  by 
the  time  only  l/lO  cf  the  total  oxygen  has  been  added  to  the  caviiy 

Details  of  the  plume  are  shown  in  Figure  6.  Initially  the  plume  expands 
rapidly  as  a  turbiUent  momentum  jet,  then  less  rapidly,  characteristic  of  a 
turbulent  buoyant  plume.  Trie  concentraiion  of  oxygen  is  such  that  the  weight 
of  the  plume  gases  are  always  heavier  than  tlie  cavity  gas  except  at  the  floor 
of  the  cavity  where  they  are  equal. 

The  buoyancy  of  the  plume  gas  decreases  rapidly  downstream  of  the  nozzle. 
If  initially  there  existed  a  significant  density  gradient  with  depth  in  the 
cavity,  the  plume  buoyancy  would  reverse  before  reaching  t.he  cavity  floor. 

The  position  at  which  the  plume  terminates  in  this  case  cannot  be  predicted 
by  this  analysis. 
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FiOure  6.  HEAVY  PLUME  IN  A  SPHERICAL  CAVITY 


F-15 


Alternate  Heavy  and  ULfJcit  Plumes 


Alternate  heavy  and  light  plumes  formed  by  alternately  loading  small 
volumes  of  the  gases,  can  oe  analyzed  using  the  methods  and  model  already 
described  provided  one  assumes  that  the  heavy  plume  terminates  at  a  position 
of  neutral  buoyancy.  In  application  to  the  mixing  produced,  this  assun^tion 
is  probably  quite  acc'orate  because  observations  of  plumes  in  the  atmosphere 
show  that  the  plumes  penetrate  onl.y  slightly  into  the  layer  where  the 
buoyancy  reverses 

For  this  method  of  loading  (alternate  slugs),  most  of  the  mixing  in  the 
cavity  takes  place  by  the  action  of  the  heavy  plvxe.  Thus  good  mixing  can  be 
expected  above  the  position  of  the  steep  density  gradient  in  the  cavity  while 
the  heavy  gas  is  being  loaded.  Poor  mixing  occurs  while  the  light  gas  is 
being  loaded.  If  the  first  voliune  added  to  the  cavity  is  heavy  gas  it  will 
be  compre'ssed  to  the  floor  of  the  cavity  and  if  the  last  volume  is  light  gas, 
it  will  be  concentrated  at  the  ceiling. 

Discussion 

The  method  of  loading  used  in  Diode  Tube  Event  corresponds  to  that 
described  under  the  section:  Light  Plume;  Methane  Source.  The  results  show 
that  very  little  mixing  takes  place  from  the  action  of  the  light  plmne, 
resulting  in  a  small  volume  of  inflammable  gas  in  a  disk  on  a  central  plane 
of  the  sphere  (see  Figure  4).  During  the  methane  loading  time  (one  day) 
molecular  diffusion  contributes  very  little  to  the  mixing.  However,  in  Diode 
Tube  Event,  the  gases  remained  in  the  cavity  approximately  lU  days  before 
they  were  detonated.  If  one  computes  the  mixing  due  to  molecular  diffusion 
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over  a  10  day  period  (see  Appendix  3)  one  obtains  of  the  cavity  volume 
within  the  detonability  limits  with  approximately  of  the  volume  within 
the  limits  of  inflammability.  This  conservative  estimate  of  the  mixing 
could  account  foi*  the  decreased  yield  of  explosive  inqplied  by  the  seismic 
signal  amplitudes  obtained  in  Diode  Tube  Event. 

The  excellent  mixing  obtained  by  the  action  of  the  heavy  plume  occurs 
because  of  the  laurge  volume  flux  enti'ained  by  the  plume  which  penetrates  the 
full  depth  of  the  cavity.  Loading  the  oxygen  last  also  has  the  advantage  that 
the  individual  gases  are  in  contact  over  the  longer  oxygen  fill  time,  36  hours. 

The  mixing  can  be  further  improved  by  increasing  the  velocity  of  the 
gas  entering  the  cavity.  Figure  7  shows  the  volume  flux  entrained  by  the 
initial  plume  in  the  cavity  for  varying  inlet  velocities.  The  velocities 
shown  in  Figure  7  straddle  those  pertaining  to  Diode  Tube  Event  (  ~40  ft/sec). 
The  entrainment  of  cavity  gas  due  to  the  initial  plume  varies  approximately 
linearly  in  this  velocity  range.  Inlet  velocities  are  limited,  by  safety 
regulations  for  oxygen  handling,  to  approximately  UOO  ft/sec. 

Recommendation 

General  American  Research  Division  recommends  loading  all  of  the  methane 
into  the  cavity, then  all  of  the  oxygen  for  Hua':'.d  Water  and  Dinar  Coin  Events. 
The  heavy  turbulent  plume  formed  by  this  method  of  loading  takes  advantage  of 
excellent  natural  mixing  in  the  cavity.  The  simplicity  of  the  method 
provides  safety  in  handling  and  has  economic  advantages. 
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APPENDIX  I 


MOMENTUM  JET 


Free  jets 


to  30 


become  turbulent  for  Reynolds  numbers  (R^)  approximately  equal 


where  U  is  the  velocity,  D  is  tne  diameter  and  v  is  the  kinematic  viscosity 

of  the  jet  source.  Using  the  values  pertinent  to  Diode  Tube  Event,  one  obtains, 

for  the  methane  jet, 

r  X  10^  <  R  _  <  25  X  10^ 
jet 

This  range  of  values  is  greater  than  by  more  than  a  factor  of  100,  indicating 
that  the  entrance  jet  is  turbulent. 


An  excellent  review  article  on  the  mixing  oc^-ri'ing  in  a  turbulent  free 

(2) 

jet  was  given  by  W.  Forstall  and  A.  H.  Shapiro  .  The  theory  originated  by 

(3) 

H.  B.  Squire  and  J.  Trouncer  has  been  extended  by  C.duP.  Donaldson  and 
K.  E.  Gray  to  include  the  compressible  free  mixing  of  two  dissimilar 
gases.  A  simplification  of  this  theory  applies  to  the  present  problem. 


The  axially  symmetric  turbulent  free  jet  may  be  divided  into  two  regions 
(see  Figure  3);  l)  the  core  region,  and  2)  the  fully  developed  region.  In 
the  core  region,  the  momentum  transfer  has  not  diffused  to  the  center  of  the 
jet,  so  that  at  the  center  of  the  core  region,  the  mean  axial  velocity  is 
essentially  constant.  At  the  start  of  the  fully  developed  region,  the  core 
has  diminished  to  zero  and  the  radial  velocity  profile  is  Gaussian. 
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Following  Donaldson  and  Gray,  one  can  write  for  any  section  of  the  jet, 

r» 

—  /  pu  r  dr  +  u  (r*)  -r-  J  p  u  r  dr  +  r*^  =  0.  (l) 

as  ds  ^  r 


This  equation  states  that  the  rate  of  change  in  sucial  momentum  is  equal  to 
the  mass  added  at  velocity  u(r*j  plus  the  Reynolds  stre;  s  acting  at  r*^. 

If  the  arbitrary  radius  r*  is  allowed  to  increase  without  limit, 
equation  (l)  becomes 

»  2 

/  pa  r  dr  =  constant.  (2) 

o 

An  equation  which  satisfies  the  species  conservation  and  momentum 
conservation  simultaneously  is  given  by 


(3) 


where  C  is  the  mass  fraction  of  the  jet  gas  and  u  is  the  mean  velocity  of 
the  jet.  Assuming  the  perfect  gas  law  for  a  mixture  of  ideal  gases  and  a 
constant  pressure  in  the  jet, one  obtains 


MP 

^  ~  RT' 


(4) 


and 


M  = 


C  (— —  — )  •*  — 


M. 


M, 


where  p,  M,  P,  T  are  tne  density,  molecular  weight  of  the  T’xture,  pressure, 
and  temperature  and  R  is  the  universal  gas  conbtant. 
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The  Reynolds  stress  Is  assumed  to  be  given  by; 


T»  =  I  P(r*  -  O  h 


c  c  dr 


(6) 


where  r^  is  the  core  radius,  is  the  centerline  velocity  and  K  is  a  constant 
evaluated  by  experiment. 

The  velocities  in  the  core  and  f’iHy  developed  regions  are  given  by 


“\ 


2  r 
r  -  c 


2  2 
u  =  u  e  r-  -  r 
c  5  c 


r  >  r^ 


^  2/  2 
-X  r  /r^ 


u  =  u  e 
c 


(7a) 


(71.) 


Where  r^  is  a  characteristic  radius  at  which  the  velocity  is  given  by 

u 

c 

U3  *  ~ 

Substituting  r*  ■  r^  in  equation  (l)  and  combining  with  equations  2  -  7a 
yields  an  equation  which  can  be  solved  in  closed  form  for  the  length  of  the 
core  region  (S^). 


One  obtains 


where 


(1~I)(1  |) 

'c  "  TIt6)  K  \  a 


M_ 

^  =  I  iT  '  ^ 


-2  -  ~  In 
a 


a-1 


1  +  V 


a-1 


(8) 


X 


and 


I  = 


a  = 


[0  f  (2  +  i  )  In  3-7/] 
-  ir7I  -5  } 


X 


(1  -  ^  )  [in  (1  i  )  -  oj 
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Reference  4  gives  K  «  .45  while  for  a  methane  Jet  into  oxygen^ 


and  for  an  oxygen  Jet  into  methane , 


1 

2 


Substitution  of  these  values  into  equacion  (8)  yields  the  core  length  for  an 
inc(XBpressible  momentum  jet.  These  values  are  shown  in  Figure  1, represented 
by  the  straight  line  portion  of  the  curve. 


Equations  1  -  7b  may  be  combined  to  obtain; 


dx  _  6  (1  v/2) 

(iT+  v)  K  (1  +  6)V2xV^ 


1 


[v  -  ln(l  +  v)]  v[-^  -ln(l  +  v)j^^ 


u 

..  X  c  ,  s 

where  v  *  o  —  and  x  *  ~ 

^1 

This  equation  was  solved  by  numerical  integration.  (The  program,  written  in 
Fortran  IV,  appears  at  the  end  of  this  appendix.)  The  results  of  the  compu¬ 
tations  are  shown  in  Figure  1.1  which  shows  the  mass  fraction  of  the  Jet  gas 
as  a  function  of  distance  along  the  Jet,  in  Jet  nozzle  radii. 
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vs  DISTANCE  ALONG  JET. 
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COWVBCTIOH  IH  A  SPHERICAL  CAVITY 

Latroduntion 

An  estimate  of  the  convective  mot lor.  in  the  spherical  cavity  due  to  the 
momentum  in  the  free  jet  will  be  made.  The  free  Jet,  which  actually  adds 
mass  to  the  cavity,  will  be  replaced  by  a  source  of  momentum  in  the  form  oi‘ 
a  small  sphere  of  radius  c  on  which  the  fluij  velocities  are  specified, 
where  c  «  d  and  d  is  the  radius  of  the  cavity. 

The  gas  inside  the  cavity  will  be  assumed  to  be  homogeneous  and  the  flow 
will  be  assumed  to  be  steady  and  axisymmetric.  The  equationsof  motion 
applicable  to  this  flow  are  the  equations  representing  conservation  of  mass 
and  momentuE!.  given  by 

p  V  •  V  v  »  -  7  P  +/1  7^  V  (1) 

and 

V  •  V  =  0  (2) 

where  p  ,  v  ,  P  and  p  are  the  density,  velocity,  pressure,  and  viscosity^ 
respectively. 

VD 

If  the  Reynolds  number  of  the  flow  is  small,  Rg=  ~  <1,  then  the 
dynamic  stress  on  the  left  hand  side  of  (l)  may  be  neglected  v?ith  respect  to 
the  viscous  stresses.  The  restriction  on  the  flow  that  Rp<  1  will  certainly 
be  in  error  near  the  source  (as  already  discussed  in  relation  to  turbulent 
Jets),  but  near  the  walls  of  the  cavity,  where  the  velocities  are  much  lower 
than  at  the  momentum  source,  low  Reynolds  number  flow  will  be  approximated. 
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V 


For  flow  at  low  Reynolds  nunber,  the  eqiiation^  reduce 


V  to  =  0 


7  •  V 


to  7  X  V 


(3) 


(4) 


Analysis 

In  terns  of  a  spherical  coordinate  system  with  axial  symmetry  whose  origin 
is  centered  In  the  sphere  and  whose  axis  of  symmetry  is  vertical  (see  Figure  2.1), 
the  equations  become 

^  0) 


1  d  1 


2  - 

r  sin  6 


5e  "Se 


2  .  ^ 
r  sin  6 


?  (sT  (-)  ■  I)  - 


'0 


=  0  (5) 


(6) 


«  1  d(r  u)  ^  1  ^  \ 

°  FliKF  Te  ®  '> 


(7) 


with  boundary  conditions  u  =  v  =  Oatr  =  d  and  u,  v  are  specified  on  a 
spherical  surface  about  the  momentum  source. 


Equation  (5)  is  the  vector  Laplace  equation  which  is  separable  in  the 

(2) 


spherical  coordinate  system 


to  =  r  S  where  S  =  S  (6 )  only 
n  n  ^ 


Substituting  (8)  into  (7)  and  setting  jj.  =  cos  0,one  obtains 


f  a-M^) 


51-i" 


(n+1)  - 


1  -M 
where  m  =  1 

F-29 


2  n 


(8) 


(9) 


r 


This  is  Legendre's  associated  equation  whicr.  r^s  a  solution  in  terms  of 
Legendre  s  associated  polynomials  P  ®  (w).  One  obtains 


CO 


eo  [  b  r*‘ 


(iO) 


Substituting  equation  (10)  into  equation  (6)  and  cross  differentiating 
equation  (6)  and  (7)  to  separate  u  and  v  gives, 


2  p 

iizil  ^ 


[ 


(l-JLt  ) 


1/2 


fn  ^ 


•7  s: 


1 


and 


n  j  n 

(U) 


p  (p) 


K-7  ‘  [<^>  )3?]  -  1^ 


The  general  solutions  tosquations  (U)  and  (12)  are  given  t 


oy 


“  n  Tin+2)(nt3)-n(n+l) 


u=  5: 
n=o 


®  r  +  a  7 - *n  j 

"  n  (l-n)(2‘n)-n(n+l)  I 


)  P 

I  " 


n-1 


v=  Z 

n=0 


n  r 
n 

a 


+  b  n+3 _  n+1 

n  (n+3){n+2)-n{n+l)  ^ 


n  ^n-2  2-n 

V  n+1  ''  ^  \  r2-n)(l-n)-r;(n+l) 


^  (m) 
(12) 


(13) 


where  the  terms  with  coefficients  a  and  jB  are  from  the  solution  of  the 

homogeneous  equation  and  those  with  coefficients  a  and  b  from  the  particular 
solution. 
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The  Mooentun  Source 


The  momentum  source  is  determined  bj-  specifying  a  continuously  varying 
velocity  on  the  surface  of  a  spinere.  In  principle,  tne  momentum  source  can 
he  placed  anywhere  within  the  cavity  boundary  but  the  solution  is  greatly 
simplified  if  the  sphere  representing  the  source  is  chosen  to  be  concentric 
with  the  spherical  cavity. 

The  velocities  u  and  v  on  the  surface  of  the  source  corresponding  to  a 
point  source  momentum  at  the  sphere  center  can  be  specified  in  terms  of  a 
series  of  Legendre  Polynomials.  (U) 


One  obtains 


r=c  m=0 


F  P 
m  m 


=  I  G  P’ 

mm 


(14) 


r=c  m=0 
where  F  and  G  are  functions  of  c  only 


The  Solution 


At  the  cavity  boundary  (r  =  d)  the  velocities  are  zero, 

=  0 


r=d 


u 


V  I  =0 
r=d 


(15) 


These  are  sufficient  boundary  conditions  to  determine  a  ,  b  , a  and  JB  from 

n  ’  n  ’  n  n 

equation  (13)  uniquely.  One  obtains 

<■  G^]  (1  .2n) (2ll^3)[F„-nGJ  (d^-c^)c” 

(l-2n)(2n+3)(d^-c^)  ,^l-2n_^l -2nj 


+2 


a  *  =  na 
n  n 


b  *  =  nb  =  -2n 
n  n 


*  =„] 


1-n 


-I -  -  a  <(■  (  ■— — ) 

,2  2  n  ^l-2n'^ 

d  “C 


,l-2n  1 -2n  \ 

d  -c 


(16) 


,2  2 

d  -c 
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Figure  2.2  AXISYMMETRIC  STAGNATION  POINT  FLOW 
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b  •  (t  *J  ) 
r;  ^  ^  2n*3 

(2n*i  )T2n*3) 


^  ^  n+1  j2  .  n*J 

■*’t,  2T1^^  “  ■  TT-SIKS-Tl  ■’ 


i'lt^  Cor. t'd 


If  axisymnetric  stagnation  flow  is  assumed,  the  inner  boundary  conditlcr 
can  be  expressed  by  two  Legendre  polyncsnials  and  one  associated  Legendre 
polynomial.  The  axis  of  symmetry  is  assumed  tc  coincide  with  tne  vertical 
axis  (see  Figure  2.2). 

On  the  boundary  of  the  sphere,  v  &  c,  the  velocities  u  and  v  are  giver. 


u  =  kc  (P  -PPj 

O  £ 


=  -kc  P„ 


where  k  is  a  parameter  which  can  be  used  to  match  the  physical  conf^itions  of 
the  jet.  Using  equations  (15),  (l6),  and  (l?),  the  flow  in  the  cavity  can 
be  determined.  The  velocities  u  and  v  are  given  by 


JL  (Sl  .  J.  .  JL)  p  .  (25  i  .  15  I-  ,  -3^- 

kc  ^  ^  .3  2  .2^  o  ^  2  .3  2  ,5  ^ 

d  r  cl  d  u  r 


S  if  ,  if.  ..  i.)  P 

2  ,•>  5  2'  ^  2 

V5  Y» 


,25  r  25  cf.  ,2  _! 

(T73-T7“T>^  "2 
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have  btefi  nei:,ler’,ei  i"  de-ensir.irg  -he  series 


where  terms  of  order  e“  = 
coefficients. 

The  flow  parameter  k  and  radius  of  the  source  c  must  yet  be  evaluated  tc 
determine  the  flow  in  the  cavity.  From  eq:atiop  1?', 

u(6)  1  =0  when  ^ 

r=;  ^  - 


The  constant  k  can  be  adjusted  sc  that  the  mass  flew  rate  into  ’ihe  spherical 
source  at  r  »  c  equals  the  »tass  flow  rate  in  Diode  Tube  Event  (336  Ibrn-mole/hr 1 , 
Simultaneously  c  can  be  so  chosen  to  match  the  velccittes  in  the  inlet  pipe 


corresponding  tc  Diode  Tube  Event.  One  obtains 

^0  <  k  <  100 

sec 


(19) 


c  *  .268  ft. 

From  equation  (l8)  it  can  be  seen  that  near  the  cavity  wall  v  behaves  as; 

^  (P-R^)  (20) 


V 

kc 


1 


Where  R  »  P2  a  maximum  value  of  I/2  at  6  Substituting 

equations  (I9)  into  (l8),one  obtains 

1/2  ft/hr  <  v(7t/U^  ,9)  <  1  ft/hr 


and 


ft/hr  ''  vCrr/U.,  .5)  <  8  ft/hr 


at  R  =  .5 


F- 


comectton  velocities  due  to  Inlet  momentum  are  seen  to  tie  very 
IC,  ccmrespondtn*  to  Mode  lUte  Ev™t.  Me  sUOUiti^  lorces  of  Ouoyancy 
vMch  have  not  teen  included  in  the  analysis,  out  which  actually  exist  i„ 
the  cavity,  would  further  limit  the  forced  convection. 

*«h«tio„  (i8)  may  also  he  used  to  estimate  the  radius  at  which  u  and  , 
are  aero  in  the  mixing  region.  This  is  the  radius  which  descrlhes  a  circle 
t^ugh  Which  an  Of  the  streamUnes  in  the  cavity  pass.  is  found  to  he 
Vlo.  Mis  further  substantiates  the  limited  effect  of  the  momentum  in  the 
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APPENDIX  3 


MIXING  BY  MQLEC'^R  SIFFIJSION 


In  Mode  !I\ibe  Event,  there  was  a  10  day  period  of  time  between  loading 
the  detonable  gases  and  their  ignition.  The  met^iane  loading,  which  took 
approximately  1  day,  brought  the  cavity  pressure  up  to  15  atmospheres.  If 
it  is  assumed  that  the  gases,  at  13  atm.,  are  initially  separated  at  a 
40  ft.  depth  in  the  cavity,  an  estimate  of  the  molecular  diffusion  occurring 
in 'the  cavity  during  the  10  day  period  can  be  made. 

It  will  be  assumed  that  the  portion  of  the  spherical  cavity  over  which 
significant  molecular  diffusion  takes  place  can  be  described  by  an  infinite 
cylinder.  The  solution  obtained  will  show  that  the  diffusion  distance,  over 
10  days, is  short  enough  to  justify  these  assumptions. 


The  diffusion  equation  is  given  by 


(1) 


where  D  is  the  diffusion  coefficient,  c  is  the  mole  fraction  of  one  ccnstitu  - 
ent,  and  x  and  t  are  distance  from  the  interface  and  time^respectively. 

A  similarity  solution  of  this  equation  which  satisfies  the  boundary 
condition  is 

“  =  I  (1  -  (2) 

The  diffusion  coefficient  is  given  by  R.  C,  Reid  and  T.  K.  Sherwood 

^  .001858  [(M^  +  Mg )/M^M2]  (3) 

^0  ^ 
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where  T  Is  the  absolute  temperat’jure  in  is  the  pr^-^-ure  in  aMno'-.pr.frres, 

and  are  the  Molecular  weights  of  the  gases,  and  o 

efflpirlcally  determined  constants. 


The  conditions  pertaining  to  Diode  Tube  Event  are  given  by; 

T  =  sao^K 
P  a  15  atm 

\  =  3? 

£1d  =  -96 

®12  * 

One  obtains 

D  =  .02  cm^/sec 

T  *  10  days 

and  c  =  I  (1  -  erf  (--^■•~))  {^) 

Equation  (U)  is  evaluated  in  terms  of  the  curve  in  Figure  3  1  as  it  is 
applied  to  mixing  in  the  spherical  cavity.  The  limits  of  detonability  and 
inflammability  are  also  indicated  in  the  figure.  This  curve  shows  that  a 
disc  of  detcnable  gases  lies  between  4l  and  46  ft.  The  gases  in  this  disc 
represent  Tf>  of  the  total  volume  of  the  sphere.  2"^%  of  the  total  volume,  is 
within  the  limits  of  inflammability. 
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Liquids**. 
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I 

I 


Nomenclature 


dcm/dx 


PLVOL 


APPENDIX  U 

PROGRAM  WITH  COMPUTER  PRINT-OUT  FOB  THE  HEAVY 
AND  LIGHT  PLUMES 


(real  time  hr.)/9*75 
depth  in  cavity  =  h/D 

roolecalar  wt.  cavity  gas  -  M 

d(CM) 

dx 

plume  dimension  = 

velocity  of  plume  gas  = 

molecular  wt.  plume  gas  =  M  /M_ 

o 

distance  along  plume  =  s/D 

depth  in  cavity  =  x/d 

radial  dimension  =  y/D 

net  volume  flux  in  plume  at  section  X 

volume  of  plume  up  to  section  at  X 
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I 


•netKTE  oj*c  .  _  „  _  . 

//  r;)-* 

*PXTF\3tin  ‘>'^FCIS|T4  ..  - - -  .  ^  - . . . 

•oHf  -'nn  rvT‘:fiP‘ts 

SlJSMfVjTINF  -- 

;)I”r*SlV  Vi-*  )J*X(313» 

IF  (.1-2)  U!  .2  ...  ... 

1  Jl»J 

J2«J-l  - -  .....  .  - - 

JS«Jf.l 

r,o  T.T  1  ....  . 

"•  .JS«J 

J2«J-,’ 

3  A0>Y(J21/((X4-J2X.«XU1)J«(X1J2)-X(  JSj)  L .  ..  _  .. 

Al*v(  Ji )  /  ( (r  (.)ll-x(  J2)  )*(X(  JD-.YC  JS) )  ) 

A?mY(J«;j/(  (X(.j.S)»X.(  J2H»(XtjA)*.XtJl).)  )  .-  _  .  .  . 

v<»A  J*  ( XK-X (.)!)»*(  X<-X  ( JS ) ) R Al *  ( X <-.X  t  J2 ) )  * (  «-.X  ( JS ) ) 6A2* ( XX-X  ( J2 ) ) 
l*cx<-x(.u ) )  .  _.  ..  -  .  . 

//  OW»> 

UA  auAO. ..  .—  . . . 

//  j')"^ 

//  _ _ _  _ 

•nELPT^'  Lf’mo 

/  /  FU'3  _  _ _ 

•PYTr  iOF”*  »<FCIRn*. 

*0;.E  vJ.in  I  iT£5£!<S  _  -  _  ....  .  .. 

SU'^'<0'jTI\r  (M''«VEL*H«V»0)‘MST»^) 

jI'’e:';SIJ'j  v(ai- _ _  _ _ 

<;»S'5‘?T{V(3)**2RP*P) 

J « ( 4 «.»v  ( 1 )  »v  { 2 ) .  . . .  . 

«ar  J.‘iST*S')ST(D) 

V!iL»Vtl)/(0*r0.XST»t.2J-  _ _  _  _  .  _ _ _  . 

M'.*.2.*V(2  )/V(  1  )-V<7) 

•ST'XC  -.'S  UA  L“-H;)P 

//  3UP  .  .  ....  -  _  -  ...  .  .....  . . 

*'3EL‘-'TE  LHmOK 

//  FJ?  -  .  . . . .  .  . .  .  . 

OME  .vo:n  r.TE3Eri!i._.. . . . . .  .  ...  . . .  ...  . 

.su'r<n  ;TI*jF  ( '.tVtF»ouxv.»p»c  )'.5T» 

l)r'F-;.sin.'j  iV(..<l)  *  vlH-E  - - -  ...  - 

CsS'.'  J''  ( V  (  1  )*»7*P*P) 

■)=  (  A.  *w  ( 1  )  *v  t  2  ) -U(  l-i»*2*VAt.7JJ./ lE.  *c  ) 

'•. ( 1 )  »s:)7T  !V(  1  )»*?/:)) 

r,  (  ?  )  =-SOPT  ( V <  1  )**-2-/-;>4JkV(-7-) - - - . - 

’  )  aF#:)»?.T»{VM  7)  /'VH  )-'/(?)  ) 

..  — - - -  -  _ 

'•.  ( «; )  =^'(  -5 )  /c 

rv(f  )=ivc  ... 

3(7)=!>JVX*'.M'>)  /C 

—  .  r,(;’ -  -  ■  -  . .  ..  _ 

'^FTU7'! 

.','5  UA 
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//  OUP 


T»i 


//  PO« 


l;TTu  !  J 


•EXTENOEO  PRECISION 


■1^1  ^B^rAViivB iJk d-Yrf  -f-rj 


•ARITHMETIC  trace 


IklR'  t  ff«T  ' 


simultaneous  differential  equations 


LBHMLOOI 

I  ttLJARI 


LBHML003 


•T^r’lWSI* 


DIMENSION  PL ( 8 140 ) t PLl (4U ) •PL2 ( 40 ) tPLSC 40 ) tPLS ( 40 ) (Y < 40 ) *Pl3 ( 40 )  LaHMLUOS 


•■■ATI 


dimension  PL4(40) 


9  FORMAT  (I2.I4.4F7.0) 


ri«  ■  a«i  r  1  i  i  rjn  11]  1 1 


11  FORMAT (iHlt'nuOYANT  PLUME  IN  A  SPHERICAL  CAVITY') 


laviiiinjitviiiiiBHjr  iff 


1» 'SPACE  STEPS  IN  CAVITY* .FIO.O 


•  I*  I  ’  I  VATBr^ 


LBHMLU09 


imirioivii  ■•1 


LBHMLOll 


r ff ;  •  ■  ■  f  1  ii  i :  i  a  ff  «  un  a  L*  ■  i .  CV  s  fv  r  1  ■■  k' iTU  1 1 T  a :  •  1  :ai^  ■  :Cr1 


3F10*0t/»llX« 'MOLES  IN  SLUG  OF  METHANE'*F7.0*/*11X* 'MOLES  IN  SLUG  0LBHML013 


5MENT  C0EFFlCIENT'fFl2t4t/.llX.*M0LE  FLOW  RATE  PER  SECOND' tFlO. 4)  LBHML015 

F^SMATdU  «l^Q]L<'aAaTU4  OP  PMTQAMrP  LRMMLfllA 


14  FORMAT (iHOt* TIME  > ' «F9.6«/« IX)  LBHML017 


129Xt'Y'«9Xt'Z'tl0Xt'W'«8X«'V0L*«/«) 


►  Tin.* '▼I  3b  ■  .▼l 


[1  .T1 9^  J : 


■l^LnSfA^AWll^ffA^VcH 


LBHML019 


IlrATIVIVJll 


17  FORMAT (lH0t3X#'XMAX'«5X#'SXMAX'»5X*'CMAVE*«//#2F8,3»Fll#6»///»3X»  LBMML021 


:T-dTWil 


18  FORMATdH  •2F8.3fF10«3) 

19,  F0RMAlLIMQj/,i3X«  'M,'  t6Xx.'H' jlQX«*CM' 

20  FORMATdH  tI3t3F11.6) 

21  FORMAT (iHOt  «0S  DECREASED  TO  '*E16.! 

22  FORMAT  (iHOt'XTA  DOES  NOT  CONVERGE') 


24  FORMAT  (iHOtSXt ' BOUNDARY  VALUES' t/t) 


CALL  TSTOP 

LOO  RFA0(2.10  1  ’d’VtSTFPtfSltFN«SLMN»SLQI 
READ) 2 #9  )  NPRNTfNPROFfDEPTH 


MPRNT-NPRNT 


CS«CS1 


GO  To  (130tll0) *MJ 


110  CS>1.0 

9*  ^  A 


TS«C).0 


VAL«1.0 


H(J)>1*0 


SMM*CN+SLON+SLMN 


LBHML023 

LBMMLQ?4 

LBHML025 

__UilMkQi.6. 

LBHML027 


LBHML029 

I  UMMi 


LBHML031 

JLBHMLOiZ. 


L3HML035 


LBHML037 

.  LauMinaa 

LBMML039 

1 


LBHML041 

I  □4_IAJ<  A/.  O 


LBMML043 


LBMML046 

LBMMLOAi. 

LBHML04e 


TNO-0 

- 60  .  - 

lao  Z«UO _ 

INaU 

- 0«0 - 

00  140  Ja 1,100 

_ _ 

140  U(J)a2.0 

- SQNaCN>SLnN*SLMN _ _ _ 

SMN»CN+SLMN 

_ inoira _ _ 

15Q..Y(1U1«Q _ ^ _ 

00  152  1-ltlOO 

ia2.-ouxti.uo«o - 

WA0«0.0 

- 1*0*0 - ^ - 

MTnJUaO 

- MFlflUO _ 

- CALL  OAT  6W  .(2*1.1161 - 

GO  TO  tlS3*lS7l»LlTE 

-153-aEAO-i2*201  MEiaitl - 

READ  (2*20) (MTIM(M) *H(M) «U(Mi .OUX <M) •Mal*MFlN) 

107.  CONTIiMUE - 

WRiTEOtll  ) 

- WRI-T-E  t3il2  \  MJ^«STEO^CS«fW«SU^^N^SLn^llCNlAA^ONT 

WRITE  (3fl3  )  B1 


SNaSQRT{1.0-CS**2> 

- 5XMAX«1>0 - 

OXal, 0/STEP 

- 0*2»a.tSTER-H.O - 

KMAXaQ 

_ LEjOO _ 

Sa0«0 

- 00  UP  UltMFiM - 

OUPX(I)aDUX(l) 

i60..upm«u(n - 

- C0NSTfc200«*AA/.ai — 

WaC0NST**2*MJ*CS 

_ VlllaXllJ - 

V(2>aZ 

_ VI31tW _ 

V{4)a0.0 

_  VlSlaQ.Q _ 

V{6)>0,0 

_ _ 

V{8/>0«0 


DO  170  lal.a 

■  ITOPUlilfVtn 

c 


LBHMLOSO 

LBUMliOSl 

LBHML0S2 

uaMiiLoai 

i.BHML0S4 


LBHMLOSa 

_ t  pwMi  n*A 

LBMMI.057 

_ UJHMLUML 

LBHMLUS9 

_ LflWMLQ&flL 

L8HML061 
_ tBHMLQ62 


_ LBHMt.a74 

LBHML097 

_ LBMMLQ9B 

LBHML063 


i.8HML064 

LftHMLQAS 

UBHMU046 

LHMMLQ67 

tBHML068 

,LflHMLQ69 

LBHMLC72 

LBH(^L075 


L8HML078 

_ LBa-MUlTiL. 

LBnX.CSO 

L.q.HyLL'Hl 

Liir.y.-a5  2 

_ LiL‘iy.;^QiLi,  - 

wB'-'yuCS6 

_ ;  a-v 

LBhy.wQS: 

_ U.3riMLJ.ai-, 

LBr-iV.i.o93 

_ L2j±Vi-09J,_ 

LB'IXlJS'Z 


iiJLQ - - 

NSal 

0Tl*CN*2»aSE«05/10NT«4100> 


LBM.y^C94 


F-% 


DTaOTl 


LBhy^096 


f 

f 

l 


f 


[ 

! 


_ _  .  _ _ 

'•STJ-1 

^ - TIMS  trea  LOO*^ - LBMML09g- 

180  .N»‘l-*.l  LBHMLIOO 

_C - - - - LflMMtlWr- 

■^FIM»'ifi»:  ;.3HyLi05 

- 14F1N«-*;CI!>|*1 - - — UBHMLIOS- 

c  L3MMU107 

- 230  DO  230  J«l»a - - -  -  -  -LBMMt.112. 

230  V(J)>PL(J«1)  LBH'^L113 

.C- - - S£T-Umi  -AT.  S  - .  LEM'^Lllfc 

23«>  DO  26-)  J»l*vFlN  LRHML115 

_ UUJAI _  _ _  -  -LaHMU,16- 

OlF  ■  HCJ0)-0.01*K“AX  L3HV4.:17 

- if(m(  j»»,oi«xMAx» — — am. — am - — LBHWuaa.- 

240  OIF  •  -OIF  L3HMtll9 

- ?»0-  IP(PIF» - ??».-  MO. - -  -  -kftMMWaO- 

260  COMTI^UE  LBMMH21 

- V(7i«PK-7.H - LSKMUiaa- 

60  TO  290  LSHVIL123 

j:. _ _ LaHint.12-4  .. 

270  V(7)«U<J)  LBMML125 

_ .Oa  TO _ 230 _ _J.BHMiJL2.6_ 

C  L3i-iV.L127 

_-_2aii.  vLLii-aLJflj _ j.ariHUi2fl_ 

C  UBMyLl29 


29ia  ^P^Ca^i3T««2»^J»S^ 


t<N*l.+0.iT*T/(2.fi5E-05*CN) 

CC«lt/<16t»qi»*2> _ 


Ul««0NT*.21A7666E+06)  /(C4*K.*i*Bl**2*CC) 

■  F».309136t-Ut<U*t4/  (Ult«2tBl**4) _ 

HH«Bl**2*Ul/28.5 


LHHVLl3a 

cBHyuiai 

LBHML470 

LBHVIL132 

_LartMLi.aa_ 

LBMy^i34 


- CMT»a.N»CN - : - 

PL(7.1UV(7) 

r.r,  rn  -woune 

LB-i/klSS 

291  ALL»0.0 
r.o  JO  203 

292  ALL»S0RT{.25+2.*vj/Pi.<7.in-.5 
_2»3-  V41.1»«1.*AUL - 

V(2)»'1J+ALL*V<7) 
PI.i?.l>«V  Ul - 


PLa.l)«V(l) 

rai  i-  LPHOP  (PM.vFL.fl.v.roNAT.Pl _ 

IF(VPRNT-NPR\’T)  310. _ lUiLi _ 3^22. 


LflMMLi37 

-LBMMLUa. 


LBH''l139 

-LBHwul^iL 


WRITE  (3*14  )  T 
WRTTFlA.iq _ ) _ 


WS'ITE(3»20  )  (vtI'KM).  h<M).  OUXlM).  •'^=l»vF!'U) 

[TF<3»ia>...l - 


-war 


LBHML141 

-I3H.ML1-42- 

i.3HMLi43 


write  (3.16  )  P.VEL.PV.PL{4.1)  ,PL(5.1) .PL(6.1 ) .PLt7.1 ) .PL( 1 .1 ) .  L3MyLl45 
1PL(2.1>.PL13. lUPLla.il - LHHML146 


310.DO.-770  li:»a»KMAX 


14" 


INTERPOLATE  TO  OBTAIN  DUXX 


LBHMLi49 


- iFift-j) - — 3a«- 

320  DS«.5»0EPTH/STEP 

- GO  TO  340 - 

330  DS«1.0*DEPTh/STEP 


LBHNiUlSO 

LBHML151 

LBMML153 


I 


f-45 


s 


IPr.-21  rJOt  39'jf  3S'J 

«9AC<.I:T  V«S>  .ilTw  MS'*!  A\3  I  Ji.  DUA\<v;t«n 

au  3».i  . . . 

OIF  »  h<m1»-V(5X 

iFtHr-j-vt**)  >  3f.Ot  410,  •i‘»r 

DIF«-)IF 

IFCDIF)  420,  39' 

C0>iTi;4:;r  ...  .  _  .  . . .  . 

•)oxx3.),j . .  .  . 

r,:j  T  1  430 

V!>av(  ■>  ) 

call  '^iiA'>(Ol»XX-«rWK,V‘v,H»-:iJ -  — .  .  . 

iO  T'5  4  30 

ojy’'».vjx('*) 

r,n  T.)  4  30  . . 


call  L'^Hr.u  (r,,*/,F.04iXX,»»,CC';ST) 


I.xTFO-^ATF  i’LO'.C  F'JUATIO..S 


!«•  (A‘’.'i(r,(‘i)  j-O.O)  443,  453,  .45a 

^^■O.^^OEPTh/ST-SP  .  . . 

O  J  44  )  J«1,A 

nr.A( jMns  -  .  .  - 

VM  J)»nL(J»<U40GA(  j)/2,n 

CALL  mnoo  ('•.,v/,e,o,jxx,P«CO*IST  J 

JO  47!  Jal,A 
!)r,n(.j)sO(  J)*US 
v«  Ji»‘JLiJ,<l  )''-0Gn(  j)  /?,n 

CM  L  L“‘^0''’  ('■i,V,^,'Jl,'XX,f’,CO‘!STJ 

O'!  '>>}  }  .Jal,T 

onctjla't  JIAOS  . . - . 

V<JIs‘JL(  J,<ll+OOC«-) 


CAl  L  L^HOP  (r.,'/,F,OUXX,f>,CO-tST) 


00  **00  J«1,A 

.Dr,n-  .x.g{J4.4;« - - - 

DO  ainOAt  J)+2.0'*0GH(J)+2..'l*nGC<  Jl+OCiO  )/6.0 

.iiL4  J.CLsP-U  - J - 

V(  J!=UL( J,<! 

PLXX1=PL(  3,<->^«Dl.-t-3^iC14  -  -  -  - - 

GO  TO  (4‘»2,403)  ,"J 

PL!C<l=-PL<>il  —  . . .  .  - . . - - - 

IF  (•'>L<<1>  4‘>4,  AOF,  AP*, 

PL(3,<I=PL<-3-4;M -  -  .....  . 

CO':TI'ii;F 

..  ..  -  0!.  TEOVl.jf:-C''.l‘.l  I."4  TtROS  .OF  X 

”LX=PL 1 3 ,< ) 


LBH4L134 

LHH'^lX'jS 

L8HMl.Xd6 

LBH**L137 

LBHMUXSa 

LBHML159 

I.BHI4L16J 

L!iH!-Li6X 

LBHML162 

LBHML163 

LBHr.LX&4 

L8HHL165 

LSHML166 

LBHyLl67 

LHM-X!Ll6a 

LBH.-'L169 

L3rtMLl/0 

LBHMLXa 

LBHML172 

LBH'1L173 

LHHyLX74 

LBHy.LX75 

L9HML177 

LBH'1L173 

LEHMLX79 

LBHMLX90 

LHMyLXrfl 

LBriVLlna 

L8M.MLX93 

L9HWLXB4 

LBHiaiMS 

L8MMLX36 

LBHlLld? 

lbhmlx^s 

L»MyLl39 

LeHXLX90 

LBrtVLXOl 

LBHMLX92 

L3HyL193 

LBri'iLl94 

LaHYLiyp 

L8rtMLX96 

L8Hy,LX97 

L8H«1LXV8 

L3H'^LX99 

LBHi'lLZaO 

L3MML2ai 

LBHML^02 

L8HML203 

I  HMVii  yriL. 

L3HML205 


LBHML2a6. 

L8HML207 


A'jn.i.a  . . . . 

RO-TO  - — .  . 

500  A^R«-1,{)  -  - 

510  DO  5M -‘J-Uw’-Z'J - - —  - 

- - - 

X'^*M(y  j 

. .  ... _  _  ...  .  _ 

l»t.x  ••PLX-X'* 

Pt/:’C  •  PLX-X-'Q  .  . . . . 

IFtAflS(PtXVj-0,aXl(liU«U-) - 5.0a*  .SiS*  -^2*)  _ 

520  IFtAOSiPux  nj--)*00;Ul0a4J - .54ia*  -  .530.—  550- 

530  iMXal  . . . . . 


. IF.  (A.tfi^p.txyj— .  540*.  .-S40*-.-5A0 - 

540  IF-  (Aj<ri#PLX^')l  -  540* - 540*--  550... 


LBHML2J8 

L‘JM.-1L2'.'0 

LBH.'4L21U 

UBHMLZll 

tBHML212 

L3HML213 

L8HVi.21A 

LBHyu215 
L3h-<L216 
LiiH.<L2l7 
.  LBHVLZia 
LBM<l219 
L3h''i.220 
LBrVLi^i 

Lfi'-::-V223 

- 

LBH.'»L22b 
LBrtv.iZ'? 
Ltirt./LZ^.o 
LB‘^-''L2  2  9 
.-LBHXuZ^O 


550  .  I,\X*2 


540..  GO-TQ  0.510*6400  tXiiX - 

..570  ca‘Jii:uj£ _ _  _ 


GO  TO -1600*0401.*::', 


580..VY»-‘.0 


590  '-"Ic'l 


not  reproducible 


600  IFC:'"-vFrJ  620,  610,  610 

610  IFC'v-n  670 »  620,  650 

670  WL(  7,<)»U('^'') 

.  GO  TO  .  110  ..  _  .  .  _  .  _  _ 

C 

63.0  PL(7,<J=2.0 .....  _ _ _  _ 

IF  !»LX)  631,  635,  635 

631  PL!7,<)=PL!7,14-  -  .  - - - 

635  GO  TU  710 

/-  _  _  _ _ 

660  IF(  A?0«  (OLX-d(''.Fi:il  )  )  )  650,  650,  600 


L:i-'^..2i3 
US''..'-.- 34 

1  3 

LB-  ■•w236 
LB*- ■'•■-2  5"' 
LBn-'.>223 
LB'3'-'_2'i  V 
Ld«''.-2-0 
1 

Ld-;.y-2-2 

LBr 

Ltii-''L2-'. 

-Ldh 

L=5r:.'.2-  ., 
LB---,:'--. 
. Lcr • -_3  - 

Wt  i:  *>  . 

LB!-;X-2  52 


L  ij  3 

L£-i'-'--3 


650  :'FH2a'/FIN-? 

- UimaO^iO - - - - - 

IF<  '‘P1.'42J - 670*  .7,74)*-  660-  •  — - - 

-640-01>^V^A4V-  »(4f<-4F  iail  )-u«.MF  144^44-*  (.UWX~H<  ^  1  ) -H  t  •• 

IF  (Afi>r,*DU''Y)  670,661,661 

651  00”Y  =  ')..3 


FI.N2)  ) 


LB"i''-237 
L5'i.Y-235 
L.3-'  :^'_25  V 

l.S«'«-26: 

LBH.'''i-252 


C 


Li3M''L?6‘3 


.  6/0  .'#*:)*j!-‘Pr.llfa;lvv 

•i  ;  T;5  710 

C  .  .  _ 

651  ^T=-1+2 

-C  _  - 

IFC1T-'1PI*{)  7,’’.  ^QO 

~Q  -  _ 

691  -L 

-  I-:  t;:  7 in  .  . . . 

c 

-  .  70J  .»n /»<)»PLx  ;7(U('  0)-'j(M» litjc^a-xu  +  u( /) 

c 

.  -  710  V(7)=PL{7t<l-  _  .  _ 

C 

-  CALU  -L-'iHOP  (  »-4»U€L*3 «  V  »CO.^tST  iP..> - 

C 

- Igi^t:a.«,\E>g:;T4. - Z3(U— 720»  .  72X . . 

C 

.  7ia.ii:iU£  JL3Ji6  J  -3».V£Lt2;'lAiilJ-4i!LL»Jiki5.i|iLJ»l»L(6.;;).PL(7.»;)  .'"LlltH)# 
1PL(2»<.>  *0L(3»<J  tPLCs.O 

730  XX«V(3l  ~ 

...  .  ;?a«SQSTLLL.C7-XX)*lJCX-fe0iL03U _  .. 


LPHyL26<. 

LSHML2/-6 
i.»HML26  ? 
LPHML26H 

l.l'HrL26y 
L3«‘1L27J 
LbH-’'L2/l 
LTM'IL^/;; 
L=?-!--L2  73 
U.“'i/L274 

L9>!”.L2/5 

L3M''^L2  '7 
LiiH-!L27?. 
t.9HV.L2  /9 
•^«hVL2-!0 
LHM-1L2:il 
LBH<U2“2 
LBHMi.2‘»3 
L9M'-'.L2d<» 
LBHVL285 
LBMMt.2i6 


<F«<  U3HyL2»7 

C  _ _ _ i?tTE3Xl'4_jHE  final  VALUt  OF  Z»  YLB^'^LZs^ 

c  x»  s*  WR»  ON  the  Trajectory  l9hml29u 


740* 

750 

»  A  r.VM  1  f  >  J  MM  1  f 

IF(Rn-V(6n  830*  780* 

IF  (APS(l*0-V(5n-.000U 

790 

780*  780.  751 

751 

IF(1.0-V(5n  300*  780* 

760 

f  C  1  r  &  1  1 

770 _ 

c 

.770  rnMTtMiiF _  _  ^ 

C 

«r»  TO  aan 

C 

7ao_ 

X/PlaPl  t;  > _ 

VF?«PL(2tlCJ 

VFfl»PL(8#K) 

_ yc.i/t  A  1 _  . 

r,o  to"  880 

c 

790 

XF-0.0 

GO  TO  810 

C 

— eoo- 

XF«l»-0 - 

91Q  DO  H2.1-Jil>F _ 

PL2(  J)»PH2tJ) 

_ PLllJlJ.  -PHl-iJl 

PL«( J)«PL(8# J) 


PL3(J)»PL(n.Jl 
820  PL5( J)«PL(5.J) 
_ J«KF _ 


CALL  QUAD  ( VF3  ■•  PL3  ■  XF  »PL5  ilC.l 
CALL  QUAD  ( VF3 #PL8 » XF  .RLS »K ) 
CALL  QUAD(VFl»PLl«XF.*Pl.O«iU— 
call  QUAD(VF2»PL2»XF#Pl.5*K) 


LSM>1L2yi 

L9HML292 

LBHML2y3 
LBHML29A 
LBHML295 
. LBMML296 
LBHMl297 

LBMML298 
LBMML2Y9 
LBMMLSOO 
LBHML301 
L8HML302 
LBHMl303 
LBHML304 
LBM‘1L305 
LBMHL306 
LBHML307 
....  LBHM.L308. 
L.BHML309 
L0HML31O 
LBHML311 
LBMML312 
LBHML313 
.L8MML314 
LBHi^LSlS 
LBH:v!L315 
LBH;V!L317 


L9HML3i6 

LBHi'lLiiy 

LBHML320 

_ LBHML321 

LBHML322 


r,j3  Tv) _ ^»B0_  _ 


00»(V(5)**2+V(6)**2-1.04*VCH  J-,032l>  /t2.*V(al«P/C-!-v/'.*v{5  )-l.  J4!*  lS- 


RB«V(o)-00*P/C 


00  «40  J*l.< 


PLl(J)«OL(l.J) 
gtX  J)«PL>»>J) 
PLB(J)«OL(fl*J> 


CALL  QUAD  (VF3*PL3*R«»PLf ♦<) 
-CALU-OUAQ  (VFBtPfaWtRUinuAtm 
CALL  OUAO(VFl*PLl*Rn«PL6*<) 


IF(XT-,52)  S50.  S50.  860 


60  TO  A 70 


XF« .52+FaCT*SORT  < .3a25-!«**2 ) 
V(1)»VF1 


V(3)«VF3 


V(S)“XF 

VUlJuJifl - 

V(B)«VF8 

CALL  LBHDP  (D'1«VEL*fltV»CUNST»P) 


IF(MPRNT-NPRV'T)  900.  H90.  8^)0 


WR1TE(3.24  ) 


XX-XF 


WRITE  (3»16  )  B.VEL.PV. DUMMY, XF.RHjP'i,  VFi  ,vF2vVF3  ,VPH 


oetermin"  x  o\  s 


PL5(I )«oU(5.I J 


PLN1«PL5(<1) 


IFIK-I)  960.  960.  930 

<0mX-H - 

IF(<0-<F)  940.  940.  970 


K3»K-3 


(u  «r  kV 


Jw'"Y3»JllKU.-XiX) _ _  .  .  . 

AO*»*L»  (<2  J  /  { UU''Yl*0OMY2) 

AUWLiCXll/C-auMYltUuMtJJ.  . . .  .. 

A2«“L5  ( <  J  /  ( nu*'Y?*JUMy 3 ) 

l(2..*(AO^Al*A2)  » 

.  CALi._ail*a_iX»AX«PL5.SXHAX.X.<l _ _ _ 

r,0  TO  9  HO 

)  CO'lTISuE 


XViAXBXF 

fiO-TO.-  _aAO_- 
QSfBSi2«JD _ 


STEP  IS  TOO  S^ALU 


-OS. - 


60  TO  9fl0 
XMAX-PLM 

ox«xwax/step 

-&a  io..i.9aii»  9! 

0EPTH»3.0*XMAX 


I » I  ta  I Z  ■  d  * )  a  IJI 1 1 1 


-LBf  ^Lib^ 
Lr*HV^?~3 

Lhn^Li-.^’ 
LBrt-1L3f:T 
LBHy.Lib'; 
L9MML3d'^ 
LBMyLSHfl 
L8MML339 
L8HMI.390 
LBHlHi.391 
XBMML392 
LBhMLSVS 
.  XaMML394 
LBMML395 
. . L6HMU396 
».eHM;.397 
J^JMi.393 
LBHyL399 

LShVl^OI 


1F(?>EPTH-1.0» 

—  g-ai-DERlHslafl. _ 


a  —  y  4  * 
ir!v_4„ 


10QO_a»51£fi±i*0 _ 

LVAXslriXCQI 

C - 

c 

_ tlQ-lQlQ.  VP»LjiJi'AX_- 

1010  XC'P)«(MP-1)*DX 

00  1020  I-l^yF 

(  T  I xDL  ( H  .  I  I 


PUAt I )«PL(4» I ) 


lE - • - ...  -  ..  - -  .  -  ,.4.S7'*._‘.C  5 

— Z 

—  .  .  _  _ _ __  .  ... 

.DET£SM.l3lC-.a£T  VOLUME  -ASJD..  VOLgy-X-Ei-JX- 
AS  A  PUNCTION  OF  X 

. . . . .  ....  ...  UB,i.Yi.4l3 

L3y.yL4'i5 

_ _  _ .  _  . . ^3hMi_4.'' 

L3rV_,lB 


1020  PLl ( I )*PL( If  I J 

_ li£J.3j!:£=l _ 

<F2=<F-2 

VT-DV+XF&VFfl 


l3-‘Y_42: 


DO  1190  L'lfLYAX 
iajOU.t.1 - 


XJ-PLlSf J) 

IF(XL-XJ)  1030f  I'JAOi  1040 


LBHy..423 

U  C  ^  ^  ^ 

LH-v.-42f. 

LBn.‘<L42 

L8.-y-42e 

L3rtY'_429 


F-  50 


r.n  IPt-CL-XJU  1  :5.i«  1J6. 

lO'.T  CO-TI  .'JF 

VP»;>LI1.<PJ 

VP«l*L(nt<r) 

(ir.  To  10  70 

c 

1050  ri»«PLtiij-i) 

VP»‘»Lt».J-l  J 

GO  TO  1070  . -  -  - 

C 

1060  JTmj  .  _ 

IF  (OL<»(J)-SX'*AX)  1062*  1062*  lj61 

1061  JT»J-l  .  -  . 

1062  call  O'JAO  «5T.3LA.XL»oL5*JTI 

call  quad  (YPiPLltSTtPLAtJ.) _  _ 

CALL  OUAO  «vn»PL“»ST*OLAt J) 

C  .  .  . . .  _  .  „ 

1070  GO  To  «l090.1OH:))t«J 

C  _  . . ... 

1050  Yn-0 

...  -  -  .  _ _ _ _ _ 

CiO  TO  1150 

c  .  .  _ _ 

1090  00  111;)  J«2»YF 

xa«PH5.J)  - - - - 

XJ1*PL(5«J-1 ) 

IFiXLfXil  .-Lia5«-U36*-1LJJ. . 

1105  1F( A“SCXL-XJ)-«lK-05)  ll:»j.  iiOJ.  illJ 
1100  1F(XL-XJ11 --lUWlt.llOO.  1110 
1110  CONTI'J'JC 

IFiXL-XFl  1120t  1120»  114) 

1120  YN«VF1 

.v:j*dv*xl 
GO  TO  1150 

C  .-  _ 

115'.)  Y\«aL(l»j-l) 

\/-<«\/T«uL  (  a  f  )-i ) _ ... 

GO  TO  1150 

1140  JT«J 

IF  ePL'»lJr.2Lr.SX".AXJ  .1141,. 

1141  JT«J^1 

1142  CALU.QUAa.-LSriPL<i.iJtl^'iL5JulTJ - 

CALL  OlJAO  (Y\,PLl,r.T,PL4» 0) 

call -X)VlAO-UCUPl^».S.'UP4-4*Jl  - 

V'!«VT-V'J 

1150  VO(LI  =  (VD-fV'J) 

- Y(Ll*-LYU-«mi .  . — . .  - 

GO  TO  (1160,1170)  v’J 

1160  Y(L-V-AXlaa.»0- .  - .  -. 

V0(L"AX)»VT 

1170  IF(  •'PP''T-':pir'T )  liO'j,  iiBO,  ii*;:; 

1150  .V’PITC  (J.Ta  )  Y(L)  ,XL,VOtL) 

c.  ..  . . .  ...  . . .  .  .  . 


HOI 


i.‘5“-'L4?0 
LB-'-'L4  31 
L  ir  •.L4  32 

LPi*':.4j4 
L‘i*^'-L4'35 
L-’f*  ’-4  36 
L't'^  •■l.4  37 
L;JhJ!l435 
LHmv.l-.  iV 


L9H.^L4''.3 

LHMyL44t, 

L3H.’«i.*.'.5 

LahYLA*.? 

LBHVi.443 

LHf-'^L44‘/ 

LBH'1L4-.<0 

LB.1^'L4::1 

LB»"'.4:;2 

LBMYi.-.53 

LO?0’'.L43^. 
L3‘iV!.4;‘.; 
Ldi"VL4p6 
LB)0''L4p7 
LBH.VL4P  5 
l3'0''44  55 

LHM'^L'.Gl 

LBhYL462 

LWHV'Li.63 

Lrif'  5 


LBHYL4  .'2 
L3r -'L-n 
L3h'-:t.4  7:; 


Lb"1  •■•-4  ,'0 
Lb!-/L4  7- 
L'^r*  I  V 


1190  CO^’TI’VJF 


LP-f-'L-'-J, 


F-51 


n  rs 


fi=:  bar:  M^siTio-i  wf 

c  v.vfcrty  ;as  !'•  cavity 

CALL  TbTaT _ _ 

n.  > 

•ST:<T».T 

3a  1413  ; 

c 

.  .  xn*riu*ti_.  - 

<M''=‘avfi  j 

ax!t«AasixM-xiU)i  _  .  .  . 

c 

IFCnj  12031  12JJt  124-.  . 

c 

120J  aa  To  .ti22a»i2ia)c*j  _  .... 

c 

l.?i:  1F(XH-I.a24j  1413#  I230t  123J  . 

1223  IFC.OTft  -x-^a  I4l3f  1221*  1221 

1221  IF  (•1--.F1':J  1222 1  i22at.  123-’ 

1222  IF  (nX‘^-,31*v'Ax)  1223*  1223*  123-- 

1223  HI‘>1J*XM .  ..  ... 

aa  TO  1413 

c  . 

123H  13«1 

C  ...  _  .  .  . 

1243  X‘<T«XH 

_ .XTG.«KH _ 

MST<T«vsT«T-*-l 

’•TI.'.l(  '.ST‘llJ«“ST.lt  _ _ 

C 

3a  _ _  ..  ... 

c 

_ IFi .  .XI 1.  J.-..XH _ >  i250t  1263.t.  12/J _  _  . 

125)3  COlTI.lJg 
L»l’AX 
C 

1260  YJjYLU. - 

VHsVOtL ) 

.acL.ia_i2ii 

c 

i27axAi_L  auAn  iytj  Yt.xH  i  ..jli  .u — - 

call  Q'.jAritVH»VO«XHiX«L) 

r  _ _ _ _ _ _ _ 

1271  DO  133.3  jj«l,10 

- D0...12.7.2  .LU«1»LMAX - 

IF  (X(LL)-XTa)  1272»  I273t  1274 

3.27?  Ca.aT.l.VJ£ _ 

LL«L-AX 

■.-12-7.3-.V..TilfX;j.LLLJ _ 

GO  TO  1275 

.■..12lA..af  tXTG~X.v,AX> _ 127a2« _ 127A1» - 12.741 

12741  VTa»V0(LMAX3 

_ n£L_I£)  1273 _ 

12742  call  TJAO  (VTG.VOtXTGtXtLL) 

.--1275  ,00-1,276  .L.L«l.tL.’lAX _ 

IF  (X(LI.)-XHT)  1276»  1277t  1273 

-1276  CQMIM'.lF - 

L  .»L)'AX 

127.7.  VMT..=.U£!  ( LU _ 

GO  TO  1230 


^0^ 


.V^ 


t2MVL**Jl 

LM“V.l‘.j;2 

LriM/L4-J 

LdrtrL'.Jb 

LaH-'L'*:;:. 

La*lVL‘>JS 

mn  ‘U4-9 


LHh 

Ltifn  1 
LaH-'L-v2 
L3HVL.'f  »i 
L4M-. 

LtJ^*:L-*  J'i 

LP- •■L--’6 


LB'1''.L4>  ' 
L'^ri  ’•L4  y.T 

LB*<  'L**  ■‘•i 

LHhvl;„ j 
LH-vLbJi 

LftH-’LPwi 

LBH-MLpjS 

L3h<..534 

LBM  :Lyv!) 
LBHVLbO:: 
L3r!YL3^s 

lb‘iy.l3:o 

Ld-i-Xiil 

L3Hr-.L-ji2 

LBH-3L5i3 


LBH.-'.Lt)l5 
L3HYL5i6 
LBH^LdI f 
LBn.'L3  20 


F-52 


f\  r% 


V“T  =  V  •tL'f*  t? 

r,:i  T..  1?  * 

127«^  tail  ••iiJA'i  (VTtV 
12“  )  XX-'-'“T 

Vh'.j  (xx+.y-i )**;>«(. 


1’?  ■  A-..  .••'■(  <H4.,U-»  J 

“  1.  j-v'<-vT  j  *cc 

C  .-.J  '  »(.t>A-xTr,/3,;) 

.\T«SO<Tt  (A*.  J/C  .« 

Xf^TsS  /.'TC  ( A  ;j  •♦‘f..:  •♦.fj-1.  Jt-  l  !  /C 

c 

)*i 

IF(<mT)  llin.  132iJ 

C 

mn  XWT»  J..: 

'iD  TO  1X^.0 
C 

13?:)  1F(xhT-1.J  13a  «»  IIAj.  I’lJ 


1330  XMT*1.:) 

/• 


1340  XTA=A»5.(XT-XTO> 

C  .  . 

IF  (xTA-.005*xmAX>  136-)«  1360»  lliO 


C 

1350  XT<'.«XT 
C 

W<ITF  (3., 12  ) 

1360  IF('/-*civiJ  1364,  1363*  1364 

1363  Y'1»'>'T 
AI**=2-r! 

YTTaVFl/A'«S(  l.y-V'^-Y''j 

UP(  ''FI  ;J«Al*!*(VP2/vel-Ar;>*YTT 

1364  COOTli'jF. .  ..  .  ... 

C 

IF  (XT)  1370 ».  140'' ♦  13tU 
C 

1370  xT»'  t  .  . . .  ... 

GO  TO  1400 

r 

13fl0  IF  (XT-lt)  lAoir.’iVoOt  T390 

c  .  . 

1390  XT=1. 

c  ..  . 


1400  H(''5T'<T)»XT 

C  -...  . .  . 

I4in  CO':TI'\lUr: 

.  .MFI./!  =  VF1‘;61  .. 

UtM'^I‘4N)*U'’C<FI\) 


C  . . -  .  . 

T  =  T+!n 

-_'.'FTs:.lF.r4-J!iST-'iT 
OUPXC':FI,N)»0.0 
(MFI. ').';)  s.o.'_' 
'1STJ«-'5T"T  +  1 


L:'*'  '--J.;  i 

L!4-  • 

Lbr!  ■' 

‘_ijn  ■_5.£3 
wS.i'ua^  v 
i.;;*!'  _33.. 
1.3:1  i 

L 

-L-jii 


L‘3*4'’L  -  34 

i  V  j  ' 

L3«<VLt:»'J 

L‘3“«VLt;'.l 

L!H/L5'.i 

L8*-;*-'L544 

L3H'.!.3“i 

LHH^LSh.'j 

L3H'-!LP4;; 

‘L.;  .  J 
LB.-iVl.5  5  . 


LBM-.L552 
LBH-'LSbS 
LBHVi.5V'- 
LrtHVL555 
LB‘4''U5  5  (: 

LB‘-'^:.5  5  3 

LBr(  •',.55  V. 

LB-1  'L5'j.. 
LB-I'-'LS'o. 

Lar!>’_5L3 
lB-1  •'■L5:,‘- 


LHm  'LtiYD 
L3-1"-'L5  !'! 
LBM-Xb  ,'B 


P-53 


n  o 


l/.O'' 


1^30 

1443 

1453 

1451 

1452 
146J 
1470 


C 

1490 

I5jn 


1510 

1520 

15210 

15211 


15213 

15214 

15215 


15216 


1523 


1524 
152  V 

1525 


1530 


1 5  4 1) 


>  m  *♦* 

•  -CT*  ‘FT 

ijm  Ma!;o(—rn  .. 

0'j“t(  ’J»!VJPX(  '-‘FTJ 
H  ^5T»H(  ''.5r9T)/X‘'lAX 

'10  TO  (1420.143;)1.MJ 
H"*ST»l,-H.-‘.5r  .  ..  ... 

If  (‘■<MST»»55J  145C*  144i)»  144.) 

!F  (-'ST-.-731  J.473.  1463j  1**60  . . - 

)S»  )5/2 

IF  (\S)  1451.  1451.  1452 

)S»l 

-i'.)  TO  14  10 
if.*  iS4  ;5 

DT«  )5»'3T1  ..  .  . 

'!F1.«*5T7T 

IFl  ‘FIM)  1510.  1510.  1490 

00  15)3  Jal.MFl.a 
Jl« J^l 

'0iJP<(  J)*(I.PCJJ-UPU1J  J/{:aJ»-H(Jl)  ) 

O'JPX  (  "F 1  *1 )  *  (  UP « '*F I N  J -UP  ( ••*F  I  -a  )  )  /  {  i  (  *r  I  J )  -H  (  -^F  ra  J  ) 

UPtVFl'l'a-Jt  iFi:)J+i)UPX(MFlN)*(M(  !Fr.  tFl'i)  » 


^0^ 


^0^ 


00  1520  9«l.‘*Fr^N 

U(‘M«UP(MJ  _  .  .  _  _ 

O'JV  ('‘J.OuPXfJ 

no  TO  (15210.  15231  .'U  . 

IF  (''F1..-17)  1523.  15211.  15211 

uo  15214  -l-l.'lFI'; _  .  ..  .  .  . 

XH3M(m) 

XM3»H(M6i) 

IF  (X'-AX-XHO)  15214.  15213.  15213 

IP  (X''AX-X‘a  .  15Z*5.  15214,  15214 

COVTI  lur 
1JUT  =  '--1 

00  15215  ••»'*OjT, 

')(•*>»!)(  -'ff  1 J 
OUXCMsOUXC'M  ) 

■•Fr:="pr!-i 

:ST')T=VFI-' 

'FI  .'.:  =  '1ST2T-*1 

CA!._  T.^TOP  .... 

Hl'M^VAL  ..  ..  . . . 

c:.v.Tr.  )P 

TS’‘;»CNT-s:'o  . . . 

TS'^  l  =  CNT-.50-4 

IF(F,-C\T)  164.1,  1640,  153'.) 

IF(TS’-\)  1551,  15.43,.  15.40 


••J  =  2 
VA!  =1.0 

•J-.'=32 . 

W2ITK  (3,23  )  MJ'/.' 


LBM5L53- 

LHHV.L5il 

l.Bri;-’.l.5i2 

LBMAL566 

LHM’^L567 

L8MyL558 

LBH’iLSoV 

LBr(VL570 

U$HXL571 


LrtriML572 

L8HVIL573 

U3rt'5l,574 

L8H/;L5«j3 

LBHV'L5  =  4 
L8H'XL535 
LBHVL566 
LBHV,L5t57 
(.BM.*',L53d 
LdMy.L5:!9 
LBM<L5;j 
LBMML591 
L3«5L5v2 
L3MML593 
LBHML594 
LBHyL595 
LBnrAL596 
L3B.-a597 


...LUMr-ikSyd 
LBr(ML599 
..XBm:-:L600 
LI3r(ML601 
,.j..BH''lL6.a2 
LB)',"'!L5j3 
_  tfii1.'lL604 

LBhV‘l-603 

LBlr.5_o./'j 
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<  .T=  ;  '<•  T-l 

S‘ '  *S  ■  .♦SL'*\*SL.'  4 

0»^nTH«J.O 

TS»T 

1N>1 

no  IS 70 


15SJ  IF(TSO*n 


lS6St  1S6J 


1S60  ‘U»l 

VAL*0.0 

‘V9ITe(3»23  J  «JW 

Mpi^A)Ts\)P!;\iT>l 

T:<0«T  lO+SLO  i  -  - 

OEPTH-DPTHI/?  - 
I\»0 

C  - 

15 70  VF10--FIN+1 

'‘iF-IM'l-:iFlf<+l .  — . 

4S-.JS/2 

IF  (\S-1)  .1571.  . 1572^-1572 

1571  1S»1 

l‘«72  00  ISSO  . 

\VaVC' I 

. . 

15S0  OUPXINVI-DUXI  UIL _ 

00  150.0  M«1.-F1N 

_ _ _ _ _ 

U(“)«iJP(yj 

1390  UUXCn^OUPXdlJ.  — _ _ 

C 

GO  TO  tl620LafiuQiaj-'^.J _ 

c 

1600  00  1610  VKFTMN.iao _ 

1610  H(V»«1,0 

...  .CS«UO.. - 

2-7.0 

-  .Rl3.0s.25  — _ 

no  TO  1650 

1620  00  1650  Vs‘^FPli'i.100 

1630  H.(  V  ).30*0 _ _ 

CS  »CS1 

. Z«L.O.  _ _ _ 

Rl30,i75 


166  0  MI’o.JTb'JPONT 

OO-T-O  . -16S0 - 

1650  1F(MP(^'1T-NP0NT»  1690. 

r  _  ^  _  ___  _ _ _ — 

1660  ‘'|D?'!T=0 

no  TO  (1670.1690) .LITF 

.  .1670-PAUW-1-14-1 - 

CALL  OATS'.'.' (1. LITE? 

C 


1660.  17jO 


L'‘H”L6J'' 
Lti'i  ‘.Ltj-a 

LH‘i/l6-9 
Ldr-.  ‘LtiiO 
LUlMI 
LRh''L6l2 
L3«-)L6i;i 

lmm-'lo:? 

l''n-'L6:6 
Li^M-'.L6l  ' 
LR-i^'iir 

URMVL6/:' 

LHM'1L6.;1 

Lar!ML62? 

L3H-.1L623 

L3M.5L62'. 


LRH-/.Lc?5 

LdM-Xba? 
LHM'lLuZsi 
LHH'/.LbZy 
UHm-‘.L63'j 
LBM''lLb3i 
LBh*<U632 
UBH^LbiS 
UBriVL&JA 
LBHYLb'aS 
LBHVLbSb 
LSMXLba? 
LaM'-^LbSS 
.LaMMLb39 
LBMML6A0 
-iBHMLbAi 
LBMML642 
-LB^'-Xb^O 
LBHML646 
LflH'^L6'+5 
LRHV|L6<*6 
_L3HML647 
LBMML6A3 
LBHMLbAV 
LBH^ILbbO 
L8HML65i 
LBHML662 
LBHVL653 
L3M'-X656 
.LB)l.'‘iLb65 
LBH‘-lLbi6 
-LBM.'Xfab? 
LBM  Xb^a 
LBMi-'.LobO 
LBHMLbbvJ 
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16B3  J-:L»»JiLlj'iH20FAQ£P.ttl_ _  _  _ 

C 

_ ....  . .  ... 

tiO  TO  ISO 

ITOO  CALL  tXlT  ’ 

//  out* 

SSKiae - iiS— J*i — UiHllB _ _ _  _ 

//  XFO  U«HVP 

32-  2ll_  UUOiil.  iU50J _ a2CJ- .12300  _!j2iiO _ *jLi3.d.O  ..jy33  •ZS 

1  2  l.')0 


LttM'-«Lfa62 

w3HJ!Loi 

LtiH.-lL&o 

LOn/ILbOo 

L3.“l-lLi>67 

LUrl>!L669 


%•> 


iUOVANT  PUMC  IN  A  SNNCRICAL  CAVITY 

input  data 


MOUCULAN  WEIGHT  OP  UET  12 
SPACE  STEPS  IN  CAVITY  20* 

INITIAL  COSfTNETAl  1*000000 

PINAL  NUMBER  OP  MOLES  20S00* 

MOLES  IN  SLUG  OP  METHANE  1200* 

MOLES  IN  SLUG  OP  OXYGEN  12S00* 
INITIAL  MOLES  IN  CAVITY  1200* 
ENTRAINMENT  COEPPICIENT  0*0SI0 

MOLE  PLOW  RATE  PER  SECOND  0*0911 

RADIUS  CP  ENTRANCE  JET  0*2S00 


BUOYANT  PLUME  IN  A  SPHERICAL  CAVITY 

time  «  0.000000 


M 

N 

CM 

0  1. 

000009 

1.000000 

B 

VEL 

PM 

1.S7 

1.0269 

1.780776 

2.30 

0.8708 

1.626867 

3.03 

0.7873 

1.275812 

3.73 

0.7249 

1.195735 

4.46 

0.6790 

1.167516 

S.BB 

0.6144 

1.093975 

7.29 

0.5696 

1.065999 

S.49 

0.5358 

1.049360 

10.09 

0.5090 

1.038529 

11.49 

0.6870 

1.031070 

12.89 

0.6686 

1.025682 

14.29 

0.6523 

1.021669 

15.68 

0.6383 

1.018562 

17.08 

0.6259 

1.016092 

18.47 

0.6168 

1.016123 

19.86 

0.6068 

1.012512 

21.26 

0.3957 

1.011177 

22.65 

0.3873 

1.010056 

24.05 

0.3797 

1.009105 

25.64 

0.3726 

1.008290 

26.83 

0.3660 

1.007586 

28.23 

0.3598 

1.006973 

29.62 

0.3561 

1.006635 

boundary  values 


29.62 

0.3561 

1.006635 

XMAX 

SXMAX 

CMAVE 

0.999 

1.000 

1.000000 

ONET 

X 

PLVOL 

2.561 

0.000 

0.000 

7.251 

0.069 

0.275 

13.558 

0.099 

0.988 

21.282 

0.169 

2.336 

30.303 

0.199 

6.516 

60.536 

0.269 

7.721 

51.908 

0.299 

12.165 

66.369 

0.369 

17.982 

77.873 

0.399 

25.627 

92.381 

0.669 

36.672 

107.859 

0.699 

65.912 

126.277 

0.569 

59.361 

ocm/ox 

0.000000 


S 

X 

R 

CM 

0.000 

0.000 

0.000 

1.000000 

0.025 

0.025 

0.000 

1.000000 

0.050 

0.050 

0.000 

1.000000 

0.075 

0.075 

0.004 

1.000000 

0.100 

O.lOO 

0.000 

1.000000 

0.150 

0.150 

0.000 

1.000000 

0.200 

0.200 

0.000 

1.000000 

0.250 

0.250 

0.000 

1.000000 

0.300 

0.300 

0.000 

1.000000 

0.350 

0.350 

0.000 

1.000000 

0.600 

0.600 

0.000 

1.000000 

0.650 

0.650 

0.000 

1.000000 

0.5Ct> 

0.500 

0.000 

1.000000 

0.550 

0.550 

0.000 

1.000000 

0.600 

0.599 

0.000 

1.000000 

0.650 

0.649 

0.000 

1.000000 

0.700 

0.699 

0.000 

1.000000 

0.750 

0.769 

0.000 

1.000000 

0.800 

0.799 

0.000 

1.000000 

0.869 

0.869 

0.000 

1.000000 

0.899 

0.899 

0.000 

1.000000 

0.969 

0.969 

0.000 

1.000000 

0.999 

0.999 

0.000 

1.000000 

1.000 

0.999 

0.268 

1.006635 
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BUOYANT  NLUME  IN  A  SPHCRICAL  CAVITY 
TINE  •  0«0a»270 


M 

H 

CM 

OCN/OX 

1  0«1274S1 

1*005218 

0*129602 

2  0. 

151401 

1*005700 

0*096991 

2  0*140825 

1*004249 

0*096192 

4  0« 

175010 

1*009410 

0*055767 

5  0*205465 

1*006641 

0*024204 

6  0* 

290596 

1*007657 

0*021557 

7  0*296oS6 

1*008620 

0*018799 

•  0* 

549259 

1*009608 

0*016717 

5  0*409555 

1*010617 

0*014969 

10  0*480491 

1*011695 

0*011959 

11  0* 

968279 

1*012699 

0*007707 

12  0* 

689590 

1*019652 

0*000000 

B 

VEL 

PN 

s 

X 

R 

CM 

1*57 

1*0269 

1*780776 

0*000 

0*000 

0*000 

1*000000 

2*50 

0*8824 

1*426610 

0*029 

0*029 

0*000 

1*000000 

5*02 

0*7918 

1*279407 

0*090 

0*090 

0*000 

1*000000 

5*74 

0*7297 

1*199502 

0*079 

0*079 

0*000 

1*000000 

4*49 

0*6857 

1*147100 

0*100 

0*100 

0*000 

1.000000 

1*87 

0*6197 

1*089092 

0*190 

0*190 

0*000 

1*004977 

7*59 

0*9612 

1*062608 

0*200 

0*200 

0*000 

1*006522 

8*84 

0*9169 

1*047607 

0*290 

0*290 

0*000 

1*007622 

10*54 

0*4819 

1*098177 

0*500 

0*900 

0*000 

1*008682 

11*89 

0*4924 

1*091846 

0*390 

0*949 

0*000 

1*009621 

15*58 

0*4269 

1*027419 

0*400 

0*400 

0*000 

1*010497 

14*94 

0*4050 

1*024219 

0*490 

0*449 

0*000 

1*011206 

16*94 

0*5813 

1*021844 

0*900 

0*500 

0.000 

1*011884 

18*18 

0*3609 

1*020070 

0*990 

0*990 

0*000 

1*012481 

19*86 

0*3416 

1*018789 

0.600 

0*999 

0*000 

1*012943 

21*97 

0*3238 

1*017812 

0*690 

0*649 

0*000 

1*013329 

25*52 

0*3073 

1*017081 

0*700 

0*699 

0*000 

1*013632 

29*09 

0*2922 

1*016764 

0*790 

0.749 

0*000 

1*013632 

26*80 

0*2799 

1*016487 

0*800 

0*799 

0*000 

1*013632 

28*47 

0*2698 

1*016244 

0*849 

0*849 

0*000 

1*013632 

50*10 

0.2613 

1*016031 

0*899 

0*899 

0*000 

1*013632 

51*72 

0*2937 

1.019847 

0.949 

0.949 

0*000 

1*013632 

55*32 

0*2468 

1.019687 

0*999 

0*999 

0*000 

1*013632 

BOUNDARY  VALUES 

33*32 

0*2468 

1*019687 

1.000 

0*999 

0.268 

1*019687 

XMAX 

SXMAX  CMAVE 

0*999 

1*000 

1*010378 

QNET 

X 

PLVOL 

7.261 

0.049 

0.274 

1S.596 

0.099 

0.904 

21.260 

0.149 

2.227 

20.377 

0.199 

4.925 

40.400 

0.249 

7.017 

51.976 

0.299 

12.421 

62.906 

0.249 

10.999 

76.440 

0.299 

26.970 

90.099 

0.449 

26.611 

104.272 

0.499 

49.013 

119.200 

0.949 

64.090 

124.790 

0.999 

02.107 

190.700 

0.649 

102.662 

167.202 

0.699 

120.079 

104.022 

0.749 

196.309 

201.232 

0.799 

191.914 

210.091 

0.049 

230.196 

236.007 

0.099 

272.101 

259.346 

0.949 

320.922 

274.224 

0.999 

272.064 

BUOYANT  PhU»tt  IN  A  SPHERICAL  CAVITY 
TIME  ■  0«07S144 


CH  OCM/DX 


1 

0*009418 

1*017685 

2 

0«029179 

1*018710 

3 

0*042589 

1*019738 

4 

0*061794 

1*020779 

5 

0*083119 

1*021788 

6 

0*106«34 

1*022790 

7 

0*132522 

1*023784 

8 

0*161081 

1*024771 

9 

0*192tt61 

1*029752 

10 

0* 227097 

1*026728 

11 

0*266770 

1*027697 

12 

0*310ol2 

1*028662 

13 

0*361157 

1*029621 

14 

0c419o39 

1*030979 

19 

0*488839 

1*031923 

16 

0*973089 

1*032984 

17 

0*691740 

1*033992 

0*065015 

0*059025 

0*054025 

0*0474tS 

0*042627 

0*038572 

0*034579 

0*031047 

0*027864 

0*024806 

0*022010 

0*018966 

0*016309 

0*013702 

0*012593 

0*008491 

0*000000 


8  VEL  PM 


1*57  1*0258 

2*29  0*8822 

3*02  0*7905 

3*74  0*7267 

♦•♦6  0*6788 

3*90  0*6092 

T*34  0*5588 

3*80  0*5190 

10*28  0*4858 
11*78  0*4569 

13*30  0*4311 

14*85  0*4077 

16*44  0*3860 

18*07  0*3654 

19*76  0*3458 

21*48  0*3273 

23*24  0*3102 

25*04  0*2942 

26*77  0*2814 

28*46  0*2709 

30*11  0*2620 

31*74  0*2541 

33*36  0*2470 


1*789756 

1*437888 

1*288187 

1*209298 

1*162125 

1*110395 

1*083797 

1*068344 

1*098973 

1*092055 

1*047525 

1*044274 

1*041899 

1*040024 

1*038669 

1*037697 

1*036884 

1*036580 

1*036314 

1*036080 

1*039879 

1*035697 

1*039949 


aOUNOARY  VALUES 

33*36 

0*2470  1*039949 

XMAX 

SXMAX  CMAVE 

0*999 

1*000  1*029126 

S 

0*000 

0*029 

0*090 

0*079 

0*100 

0*150 

0*200 

0*290 

0*300 

0*390 

0*400 

0*490 

0*900 

0*950 

0*600 

0*690 

0*700 

0*750 

0*800 

0*849 

0*899 

0*949 

0*999 


1*000 


X 

0*000 

0*029 

0*050 

0*079 

0*100 

0*150 

0*200 

0*290 

0*300 

0*349 

0*400 

0*449 

0*900 

0*990 

0*999 

0*649 

0*699 

0*749 

0*799 

0*849 

0*899 

0*949 

0*999 


0.999 


R 

0*000 

0*000 

0.000 

0*000 

0*000 

0*000 

0*000 

0*000 

0*000 

0*000 

0.000 

0*000 

0*000 

0*000 

0*000 

0*000 

0*000 

0*000 

0*000 

0*000 

0*000 

0*000 

0*000 


0*268 
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CM 

1*017685 

1*018698 

1*020138 

1*021402 

1*022508 

1*024388 

1*029996 

1*027281 

1*028429 

1*029409 

1*030294 

1*030991 

1*031664 

1*032293 

1*032812 

1*033237 

1*033992 

1*033992 

1*033592 

1*033592 

1*033592 

1*033592 

1*033592 


1*039545 


ONCT 


X 


PtVOt 


2«»44 

7«2S0 

lS*S2t 

21«2«0 

SO«ltT 

40«2*f 

S1«2M 

*>•414 

7««S19 

90«006 

04«40f 

.19«499 

.)9«024 

.91.125 

.97.691 

.a4«S44 

I01*a94 

lt9«9S9 

I)7«6)S 

!9««141 

I79«099 


0«.000 

0*049 

0*099 

0*149 

0*199 

0*249 

0*299 

0*149 

0*199 

0*449 

0*499 

0*949 

0*999 

0*649 

0*699 

0*749 

0*799 

0*149 

0*899 

0*949 

0*999 


0*000 

0*271 

0*981 

2*119 

4*919 

7*810 

12*172 

18*464 

26*317 

16*297 

48*911 

61*414 

81*119 

102*987 

127*613 

196*786 

190*187 

228*979 

271.919 

119*191 

172*429 


F-  62 


BUOYMT  PUiME  IN  A  SPHERICAL  CAVITY 
time  -  0« 124019 


M 

H 

CM 

1 

0*016332 

1*037542 

2 

0*032592 

1*033509 

3 

0*050470 

1*039470 

4 

0*070101 

1*040426 

5 

0*091e39 

1*041375 

6 

0*115412 

1*042321 

7 

0*141502 

1*043259 

8 

0*170226 

1*044195 

9 

0*201964 

1*045123 

10 

0*237126 

1*046047 

11 

0*276289 

1 *046966 

12 

0*320204 

1*047330 

13 

0*370830 

1*043738 

14 

0*429412 

1*049691 

15 

0*493817 

1*050589 

16 

0*584273 

1*051431 

17 

0*701276 

1*052369 

B  VEL 

4M 

1*57 

1*0257 

1*790268 

2*23 

0*3926 

1*419815 

3*03 

0*7835 

1*231459 

3*77 

0*7133 

1*212006 

4*50 

0*6633 

1*169258 

5*95 

0*5935 

1*122222 

7*40 

0*5437 

1*098010 

8*87 

0*5045 

1*083901 

10*35 

0*4713 

1*074969 

11*36 

0*4433 

1*069005 

13*39 

0*4179 

1*064860 

14*95 

0*3948 

1*061886 

16*55 

0*3733 

1*059692 

18*20 

0*3530 

1*058098 

19*88 

0*3340 

1*056871 

21*62 

0*3160 

1*055970 

23*39 

0*2993 

1*055219 

25*21 

0*2834 

1*054949 

26*97 

0*2706 

1*054722 

28*68 

0*2601 

1*054521 

30*36 

0*2512 

1*054345 

32*01 

0*2435 

1*054192 

33*65 

0*2364 

1*054061 

BOUNDARY  VALUES 


33*65 

0*2364 

1*054061 

XMAX 

SXMAX 

CMAVE 

0*999 

1*000 

1*047176 

OCM/DX 

0*0S94S9 
0«0537A9 
0« 049479 
0«04397S 
0*039360 
0*035967 
0*032571 
0*029251 
0*026276 
0*023467 
0*020303 
0*017942 
0*015415 
0*012935 
0*010443 
0*007532 
0*000000 


S 

X 

A 

0*000 

0*000 

0*000 

0*025 

0*025 

0*000 

0*050 

0*050 

0*000 

0*075 

0*075 

0*000 

0*100 

0*100 

0*000 

0*150 

0*150 

0*000 

0*200 

0*200 

0*000 

0*250 

0*250 

0*000 

0*300 

0*300 

0*000 

0*350 

0*349 

0*000 

0*400 

0*400 

0*000 

0*450 

0*449 

0*000 

0*500 

0*500 

0*000 

0*550 

0*550 

0*000 

0*600 

0*599 

0*000 

0*650 

0*649 

0*000 

0*700 

0*699 

0*000 

0*750 

0*749 

o.oco 

0*300 

0*799 

0*000 

0*849 

0*849 

0*000 

0*399 

0*399 

0*000 

0*949 

0*949 

0*000 

0*999 

0*999 

0*000 

1*000 

0*999 

0*268 

CM 

1*013710 
1*033057 
1*039445 
1*040641 
1*041707 
1*043536 
1*045066 
1*046349 
1*047459 
1 *048414 
1*049233 
1*049958 
1*050601 
1*051124 
1*051601 
1*051930 
1*052359 
1*052369 
1*052369 
1*052369 
1*052369 
1*052369 
1*052369 


1*054061 


ONET  X  PLVOL 


2*543 

0*000 

0*000 

7.235 

0*049 

0*273 

13*462 

0*099 

0*994 

21*066 

0*149 

2*372 

29.951 

0*199 

4*613 

39*727 

0*249 

7*935 

50*595 

0*299 

12*564 

62*370 

0*349 

16*740 

74*970 

0*399 

26*717 

•8*319 

0*449 

36*770 

102*345 

0*499 

49*190 

116*975 

0*549 

64*296 

132*143 

0*599 

•2*439 

147.762 

0*649 

103*965 

163*636 

0*699 

129*329 

180*251 

0*749 

158*669 

197*011 

0*799 

192*974 

214*135 

0*649 

231*751 

231*638 

0*699 

275*364 

249*524 

0*949 

324*060 

267*793 

0*999 

377*999 

f-64 


•UOYANT  PUMC  IN  A  SPHERICAL  CAVITY 
tine  •  0.221TSt 


N 

H 

CM 

1 

0*013953 

1*072398 

2 

0*029067 

1*073298 

3 

0*045»62 

1*074192 

4 

0*063830 

1*079041 

5 

0*083729 

1*079924 

6 

0*109539 

1*076804 

7 

0*129401 

1*077680 

8 

0*199588 

1*078947 

9 

0*184312 

f  *079416 

10 

0*219999 

1*080277 

11 

0*291020 

1*081134 

12 

0*289943 

1*081987 

13 

0*333489 

1*082836 

14 

0* 383076 

1 *083680 

19 

0*441o90 

1*084519 

16 

0*510202 

1*089393 

17 

0*994429 

1*086182 

18 

0*709el9 

1*087006 

0 

VEL 

PM 

1*96 

1*0239 

1*807060 

2*27 

0*8917 

1*443089 

3*02 

9*7829 

1*910912 

9*76 

0*7190 

1*241179 

4*49 

0*6692 

1*199746 

9*94 

0*9992 

1*194296 

7*39 

0*9494 

1*130891 

8*89 

0*9049 

1*117211 

10*34 

0*4719 

1*108611 

11*84 

0*4429 

1*102866 

19*38 

0*4179 

1*098877 

14,94 

0*3942 

1*096019 

16*99 

0*3726 

1*093926 

18*19 

0*3523 

1*092386 

19*88 

0*3332 

1*091196 

21*63 

0*3149 

1*090348 

23*41 

0*2980 

1*089642 

29*24 

0*2820 

1*089330 

27*03 

0*2687 

1*089126 

28*77 

0*2578 

1*088946 

30*46 

0*2486 

1*088788 

32*14 

0*2406 

1*088690 

33*80 

0*2334 

1*088532 

BOUNDARY  VALUES 


33*80  0*2334  1*088532 

XMAX  SXMAX  CMAVE 


OCN/OX 

0*0S9SB0 

0«03307T 

0«04tf35 

0*04«34« 

0*040392 

0*03*700 

0*033094 

0*030203 

0*027105 

0*024400 

0*021912 

0*019493 

0*010014 

0*014407 

0*012103 

0*009043 

0*007157 

0*000000 


S  X  R 


0*000 

0*000 

0*000 

0*029 

0*029 

0*000 

0*090 

0*090 

0*000 

0*079 

0*075 

0*000 

0*100 

0*100 

0*000 

0*190 

0*190 

0*000 

0*200 

0*200 

0*000 

0,290 

0*290 

0*000 

0*300 

0*300 

0*000 

0*390 

0*349 

0*000 

0*400 

0*400 

0*000 

0*490 

0*449 

0*000 

0*900 

0*900 

0*000 

0*990 

0*990 

0*000 

0*600 

0*999 

0*000 

0*690 

0*649 

0*000 

0*700 

0*699 

0*000 

0*790 

0*749 

0*000 

0*800 

0*799 

0*000 

0*949 

0*849 

0*000 

0*899 

0*899 

0*000 

0*949 

0*949 

0*000 

0*999 

0*999 

0*000 

1*000 

0*999 

0*268 

F-65 


CM 

1*053291 

1*073010 

1*074305 

1*075937 

1*070500 

1*078362 

1*079043 

1*081110 

1*082183 

1*083114 

1*083916 

1*084620 

1*085229 

1*085744 

1*086222 

1*086580 

1*086937 

1*087006 

1*087006 

1*087006 

1*087006 

1*087006 

1*087006 


1*088532 


0m999  1*000  l*Otl339 


ONET  X  PLVOt 


2.5U 

7*177 

13*400 

20.M0 

2**722 

3**979 

90*421 

62*171 

7«»*746 

80*067 

102*061 

116*697 

131*787 

147*383 

163*389 

17**740 

1*6*429 

213*499 

230*844 

248*600 

266*721 


0*000  0*000 
0*04*  0*270 

0*0**  0**88 
0*14*  2*39* 

0*1**  4*9*1 

0*24*  7*901 

0*29*  12*919 

0*34*  18*676 

0*3**  26*637 

0*44*  36*673 

0*4**  4**07* 

0*54*  64*176 

0*9«*  82*308 

0*64*  103*89* 

0*6**  12**230 
0*74*  198*840 

0*7**  1*3*031 

0*84*  231***8 

0*8**  279**12 

0**4*  324**97 

O#***  37**399 


F-66 


•UOYANT  PLUNf  IN  A  SPNEAlCAl.  CAVITY 

TiNc  •  o»nmr 


M  N  CM  OCN/DX 


0«016T»2 

0«031A04 

0«0AT«1S 

0*0*515» 

0.0IA231 

0«1049t4 

0«127»19 

O«l»20SO 

0.179712 

0*207841 

0«239730 

0*274785 

0*818522 

0*897884 

0*407019 

0*464078 

0*581222 

0*618280 

0*729188 


1*104089 

1*104769 

1*109488 

1*106207 

1*106922 

1*107633 

1*108840 

1*109048 

1*109748 

1*110489 

1*111180 

1*111818 

1*112508 

1*118198 

1*118860 

1*114988 

1*119202 

1*119868 

1*116930 


0*049280 

0*044892 

0*040993 

0*087482 

0*084261 

0*081892 

0*028687 

0*026221 

0*028877 

8*021699 

0*019626 

0*017664 

0*019914 

0*018639 

0*011796 

0*009969 

0*008113 

0*009917 

0*000000 


B 

VEL 

PM 

S 

X 

R 

CM 

1*96 

1*0289 

1*807060 

0*000 

0* 

000 

0*000 

1*093291 

2*29 

0*9123 

1*410724 

0*029 

0* 

029 

0*000 

1*104449 

8*09 

0*7702 

1*801080 

0*090 

0* 

090 

0*000 

1*109986 

8*82 

0*6896 

1*244228 

0*079 

0* 

079 

0*000 

1*106976 

4*97 

0*6899 

1*210270 

0*100 

0. 

100 

0*000 

1*107462 

6*04 

0*9649 

1*172764 

0*190 

0* 

190 

0*000 

1*108969 

7*90 

0*9168 

1*193343 

0*200 

0* 

200 

0*000 

1*110291 

8*98 

0*4788 

1*141946 

0*290 

0* 

290 

0*000 

1*111332 

10*46 

0*4476 

1*184709 

0*300 

0* 

800 

0*000 

1*112264 

11*97 

0*4209 

1*129860 

0*890 

0* 

849 

0*000 

1*113069 

18*91 

0*3963 

1*126488 

0*400 

0* 

400 

0*000 

1*113764 

19*08 

0*8741 

1*124069 

0*490 

0* 

449 

0*000 

1*114367 

16*69 

0*8986 

1*122293 

0*900 

0* 

900 

0*000 

1*114891 

18*34 

0*8848 

1*120966 

0*990 

0* 

990 

0*000 

1*119399 

20*04 

0*8160 

1*119969 

0*600 

0* 

600 

0*000 

1*119760 

21*79 

0*2986 

1*119281 

0*690 

0* 

649 

0*000 

1*116086 

23*99 

0*2822 

1*118691 

0*700 

0* 

699 

0*000 

1*116381 

29*44 

0*2668 

1*118304 

0*790 

0* 

749 

0*000 

1*116930 

27*29 

0*2982 

1*118191 

0*800 

0* 

799 

0*000 

1*116930 

29*08 

0*2421 

1*118019 

0*849 

0* 

849 

0*000 

1*116930 

30*83 

0*2328 

1*117899 

0*899 

0* 

899 

0*000 

1*116930 

82*94 

0*2248 

1*117790 

0*949 

0* 

949 

0*000 

1*116930 

34*29 

0*2176 

1*117700 

0*999 

0* 

999 

0*000 

1*116930 

BOUNDARY  VALUES 

34*29  0*2176  1*117700  1*000  0*999  0*268  1*117700 

XMAX  SXMAX  CMAVE 


F-67 


I 

i 

I 


0««99 

1*000 

1*119130 

ONCT 

X 

9LV0L 

i 

2«911 

0*000 

0*000 

T«l«2 

0*049 

0*270 

1 

1S«S0T 

0*099 

1*010 

20«*92 

0*149 

2*490 

29*122 

0*199 

4*799 

1 

9t*616 

0*249 

8*142 

j 

49*047 

0*299 

12*877 

• 

60*992 

0*949 

19*181 

i 

72*994 

0*999 

27*911 

•9*162 

0*449 

97*949 

i 

96*964 

0*499 

90*179 

112*999 

0*949 

69*928 

127*009 

0*999 

89*999 

t 

141*909 

0*649 

109*847 

t 

197*190 

0*699 

191*618 

172*794 

0*749 

161*709 

1 

1I6«667 

0*799 

196*907 

i 

204*679 

0*849 

296*281 

I 

221*966 

0*899 

281*201 

296* 160 

0*949 

991*499 

299*912 

0*999 

987*279 

I 


f-68 


BUOYANT  FUINE  IN  A  SNHCRICAU  CAVITY 
TINE  •  0.422154 


N  H  CM 


1 

0.022173 

1 

133691 

2 

0.056588 

1 

134477 

3 

0.052022 

1 

13»  274 

4 

0.069155 

1 

1!  .042 

5 

0.087749 

1 

136834 

6 

0.108120 

1 

137595 

7 

0.130214 

1 

138365 

8 

0.154325 

1 

139133 

9 

0. 180063 

1 

139893 

0 

0.209498 

1 

140656 

1 

0.241392 

1 

141330 

4k 

0.275468 

t 

• 

142128 

3 

0.314420 

1 

142784 

4 

0.357333 

1 

143483 

5 

0.405350 

1 

144288 

6 

0.462194 

1 

145037 

7 

0.529242 

1 

145777 

8 

0.611334 

1 

146509 

9 

0.723415 

1 

147236 

B  VEL 

9M 

1.55 

1.0199 

1.835193 

2.25 

0.8916 

1.486670 

3.00 

0.7850 

1.359449 

3.73 

0.7167 

1.293167 

4.46 

0.6674 

1.253683 

5.90 

0.5976 

1.210436 

7.35 

0.5476 

1.188309 

8.81 

0.5083 

1.175499 

10.29 

0.4752 

1.167402 

11.79 

0.4469 

1.162014 

13.32 

0.4212 

1.158172 

14,  89 

0.3974 

1.155478 

16.50 

0.3754 

1.153521 

18.15 

0.3547 

1.152063 

19.85 

0.3351 

1.150964 

21.61 

0.3164 

1.150166 

23.41 

0.2989 

1.149530 

25.26 

0.2824 

1.149164 

27.10 

0.2681 

1.148996 

28.89 

0.2563 

1.148847 

30.63 

0.2465 

1.148715 

32.34 

0.2360 

1.148601 

34.04 

0.2303 

1.148503 

BOUNOARV  VALUES 
54.04  0.2303  1.148503 


OCN/OX 

0.054528 

0.051643 

0«044842 

0.042621 

0.037347 

0.034840 

0.031835 

0.028856 

0.026482 

0.021115 

0.023422 

0.016853 

0.016276 

0.016756 

0.013191 

0.011034 

0.008911 

0.006488 

0.000000 


S  X  R 


0.000 

0.000 

0.000 

0.025 

0.025 

0.000 

0.050 

0.050 

0.000 

0.075 

0.075 

0.000 

0.100 

0.100 

0.000 

0.150 

0.150 

0.000 

0.200 

0.200 

0.000 

0.250 

0.250 

0.000 

0.300 

0.300 

0.000 

0.350 

0.350 

0.000 

0.400 

0.400 

0.000 

0.450 

0.450 

0.000 

0.500 

0.500 

0.000 

0.550 

0.550 

0.000 

0.600 

0.600 

0.000 

0.650 

0.649 

0.000 

0.700 

0.699 

0.000 

0.750 

0.749 

0.000 

0.800 

0.799 

0.000 

0.849 

0.849 

0.000 

0.899 

0.899 

0.000 

0.949 

0.949 

0.000 

0.999 

0.999 

0.000 

1.000 

0.999 

0.266 

XMAX  SXMAX  CMAVE 


CA 

i 115868 
.133845 
.135169 
.136291 
.137292 
.138995 
.140405 
.141531 
.142541 
.143363 
.144198 
.144877 
.145455 
.145962 
. 146408 
.146760 
.147084 
.147236 
.147236 
.147236 
.147236 
•147236 
.147236 


1.148503 


0»999 


1*000 


1*144220 


oner  X 

2*450  0*000 

T*007  0*049 

10*294  0*099 

20*090  0*149 

29*035  0*199 

39*910  0*249 

50*400  0*299 

02*200  0*349 
74*037  0*399 

00*220  0*449 
102*209  0*499 

110*995  0*949 

132*199  0*999 

147*011  0*049 

103*007  0*099 

100*209  0*749 

190*970  0*799 

213*907  0*049 

231*934  0*099 

249*019  0*949 

207*044  0*999 


PLVOL 

0*000 

0*206 

0*973 

2*929 

4*992 

7*009 

12*909 

10*499 

20*909 

96*394 

40*609 

63*71« 

01*702 

109*209 

120*692 

190*262 

192*900 

291*002 

270*197 

329*769 

300*906 


•UOVANT  PUINf  IN  A  SNNCRICAl.  CAVITY 
INPUT  DATA 


MOLECULAR  HEIGHT  OP  JET  14 


fPAa  STEPS  IN  CAVITY  20* 

initial  COStTNETA)  O.VSfOOO 

PINAL  NUMBER  OP  MOLES  20500* 

MOLES  IN  SLUG  OP  METHANE  S200* 

MOLES  IN  SLUG  OP  OXYGEN  12500* 
INITIAL  MOLES  IN  CAVITY  12500* 
ENTRAINMENT  COEPPICIENT  0*1000 

MOLE  PLOM  RATE  PER  SECOND  0*0955 

RADIUS  OP  ENTRANCE  JET  0*1290 


F-71 


buoyant  pumc  in  a  smerical  cavity 
TIME  •  0.000000 


>(  H 

CN 

OCN/OX 

9  0.000000  2.000000 

0*000000 

B 

VCk 

RN 

8 

X 

R 

CM 

1*00 

1.0000 

icoooeoe 

0*000 

0*000 

0*005 

2*000000 

1.1» 

0.8221 

1*088733 

0*000 

0*000 

0*000 

2*000000 

1*30 

0.B980 

1*199884 

0*001 

0*001 

0*000 

2*000000 

1.45 

0.8004 

1*218916 

0.001 

0*001 

0*000 

2*000000 

1.61 

0.5243 

1*267795 

0.002 

5*002 

0*000 

2*000000 

1.93 

0.4078 

1.346107 

0.003 

0*003 

0*001 

2*000000 

2.29 

0.3190 

1.469328 

0*004 

0*004 

0*001 

2*000000 

2.49 

0.2807 

1*429654 

0.005 

0*005 

0*002 

2*000000 

2.72 

ai^449 

1.^31102 

0*006 

0*005 

0*002 

2*000000 

2.98 

0.2110 

1.470008 

0.006 

0*006 

0*002 

2*000000 

3.30 

0.1785 

1.486627 

5.007 

0*056 

0*003 

2*000005 

3.68 

0.1476 

1.501153 

0*008 

0*007 

0*003 

2*000000 

4.kl 

0.1212 

1*513794 

0*008 

0*007 

0*004 

2*000000 

4.4l 

0.1079 

1*524993 

0.009 

0*007 

0*004 

2*000000 

4.32 

-omsi 

-  1.935669 

5*509 

0.007 

0*059 

2*000000 

4.06 

0.1336 

1.546610 

0.010 

0*007 

0*006 

2*000000 

3.83 

0a535 

1.557962 

5.011  - 

0*506 

0*006 

2*050000 

3.67 

0.1719 

1.569982 

0*011 

0*006 

0*006 

2*000005 

3.57 

oam- 

9.581353 

5.512  - 
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1*164998 

773,548809 

6 

0*130567 

1*08;)  193 

13*143068 

7 

0*130434 

1*083438 

-22*546005 

8 

0*130289 

1*086712 

0*001040 

9 

0*034422 

1.083652 

3*237608 

10 

')*033o5p 

1.081174 

1*964980 

11 

0*032462 

1*078827 

1*496315 

12 

0*030860 

1*076430 

1*226022 

13 

0*028727 

1*073815 

0*959318 

14 

0*025793 

1*071001 

0.510732 

15 

0*021533 

1*068825 

1*221708 

16 

0*0l4e96 

1*060472 

0.000000 

»  VEL  PM 

I #00  1*0000  1*000000 

l«4l  0*6965  1*017362 

•  1*83  -  0.5329  1*026842 

2*26  0*4300  1*032812 

-  0*3588  1*036923 

3«58  0*2661  1*042121 

- 4c46  0ti2067  1*045471 

5*52  0*1588  1*048883 

- -fri85  <yrim  1*051666 

7*74  0*0975  1*052878 

~  8*98  0*0782  1*054009 

10*74  0*0554  1*055037 

-11*17-  -0-.0582  1*055963 

10*00  0*0689  1*056864 

- 9*34-  -  Ot082 3  1 *057690 

9*06  0*0915  1*058406 

—8*^8  8*0975  1*059008 

9*11  0.1036  1*059930 

8*88  0.1020  1*060374 

10*35  0*0950  1*060432 

11*08-  0*0883  1*060487 

11*77  0*0850  1*060559 

12*53  0*0802  1*060585 

BOUNDARY  VALUES 
12*07  0.0831  1*060575 

XMAX  SXMAX  CMAVE 


S  X 

0*000  0*000 
0*002  0*002 
0*005  OtOOt- 
0*007  0*007 

0*010  0*009 

0*015  0*014 

0*020  0*018 
0*025  0*023 

0*030  0*028 

0*032  0*030 

0*035  0*032 

0*037  0*033 

0*040  0*033 

0*043  0*032 

0*045  0*030 

0*048  0*027 

0*050  0*025 

0*055  0*021 

0*060  0*016 
0*065  0.011 

0*070  0*006 

0*075  0*001 

0.081  -0*002 


1*000  0*000 


R  CM 

0*000  1.060472 
0*000  1*060472 
0*001  1*060472 
0*002  1*060472 
0*003  1*060472 
0*005  1*060472 
0*007  1*065589 
0*009  1*069835 
0*011  1*073119 
0.013  1*075543 
0*0l4  1*078277 
0*016  1*080994 
0.019  1*081040 
0*021  1*078295 
0*022  1*075511 
0*024  1*073054 
0*025  1*070938 
0*027  1*068192 
0*029  1*062397 
0*030  1*060472 
0*032  1*060472 
0*034  1*060472 
0*035  1*060472 


0*179  1*060575 


0*033  0*039  1.895978 


ONET 

-11.126 

-10.553 

-9.983 

-9.415 

-8.850 

-9.286 

-7.724 

-7.163 

-6.603 

-6.046 

-5.491 

-4.939 

-4.393 

-3.852 

-3.316 

-2.792 

-2.275 

-1.768 

-1.270 

-0.762 

0.000 


/ 


0.000 
0.001 
0.O03 
0.005 
0.006 
J.003 
0.010 
0.011 
0.013 
0.015 
0.016 
0.018 
0.020 
0.021 
0.023 
0.025 
0.027 
0.028 
0.030 
0.032 
0.03  3 


83 


PCVJL 

-0.000 

0.?5fl 

0.50« 

0,749 

0.9R2 

1.2U7 

1.426 

1.637 

1.839 

2.039 

2.233 

2  .*24 
2. (ill* 
2.814 
3.018 

3.231 

3.457 

3.7.)3 

3.985 

4.345 

5.200 


APHBDIX  5 


Gas 

T 

•P 

p 

Ibm/cu  _*t 

li  X  10^ 

llMn/ft  sec 

V  X  10^ 

sq  ft/sec 

R 

ft  lbf/lbm*R 

Oxygen* 

100 

l.k 

0.0785 

1.420 

0.181 

48 

200 

1.4 

0.0666 

1.610 

0.241 

48 

Methane** 

68 

1-32 

0.0371 

0.726 

0.196 

96 

212 

1.32 

0.0334 

0.895 

0.268 

96 

